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OUTLINE OF THE THESIS

The contents of the thesis have been organized into 5 independent chapters, as

outlined below:

e  The introductory chapter, Chapter-1, which gives a brief overview of the study
including relevant facts about the topic of research, statement of the problem, scope

and significance of the study and lastly, the objectives designed to address the issue.

e  Chapter-2 provides the scientific background pertaining to the studies

undertaken in this thesis.

e  Chapter-3 embodies the details of the materials used and methodologies

employed to perform these studies.

e  Results are presented in Chapter-4, which is further subdivided into 4 sections
according to the objectives.

Section 4.1: IL-6 induced STAT-3 signalling protects cells from radiation-

induced cell death and confers radio-resistance

In this objective, we studied the effect of IL-6 on radiation-induced cell death in
multiple cell lines. We primarily focused on IL-6-STAT-3, which is known to involve
directly in cell survival and proliferation. Apart from preliminary experiments, most
of the study was done in RAW264.7 cells (murine monocyte cells) to check the
potential of IL-6-STAT-3 in radioprotection. The parameters studied are cell

proliferation, cell cycle, oxidative stress, macromolecular damage, and apoptosis.

Section 4.2: Interleukin-6 confers radio-resistance by inducing Akt mediated

glycolysis and reducing mitochondrial damage in cells

In this study, we investigated the mechanism of IL-6-induced glycolysis in
RAW264.7 cells and tested, if IL-6 can protect healthy cells from ionizing radiation
(IR) by inducing glycolysis-mediated radio-resistance. IL-6-Akt signalling modulates
the radiation response by metabolic modification through enhancing glycolysis that
leads to radio-resistance. The main parameters studied are glycolysis, Akt pathway,
and mitochondrial protection.
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Section 4.3: To investigate the role of IL-6 in cellular responses to radiation-
induced DNA damage

In this objective, we evaluated the effect of IL-6 on radiation-induced DNA damage
and repair in-vitro. Since radiation triggers substantial DNA damage which may lead
to cell death, we, therefore, performed multiple assays to study the impact of IL-6 on
single/double-strand breaks, the extent of DNA damage and the activation repair

pathways after irradiation.

Section 4.4: Evaluation of radio-protective efficacy of IL-6 in-vivo (mice) models

This section highlights the role of IL-6 on in-vivo radiation response. Here we focused
mainly on hematopoietic and gastrointestinal recovery in the presence of IL-6 after
irradiation. C57B/L6 mice were injected with IL-6 via intramuscular route, one dose
2hr before radiation and three doses post-irradiation at 24, 48, and 72 hrs. The study
includes peripheral blood count, survival analysis, stem cell enumeration, splenocytes
analysis, bone marrow analysis, antioxidant potential in GI, apoptosis and

proliferation in GI tissues.

e  Chapter 5 comprises of discussion of results and conclusions.
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CHAPTER 1
INTRODUCTION

One cannot imagine the medical practices of theemodorld without acknowledging the
discovery of X-rays by German physicist Wilhelm @hRoentgen. The X-rays can pass
through different solid materials except for bond anetals. Later this property of x-rays
was exploited to create an impression of bonesgetadin-coated polymer-based film (X-
ray film). He first captured his wife Bertha’s haingpression on a film in 1895 (Fig;1.1).
Later many researchers followed this extraordirdisgovery worldwide. After a few
months of invention, the radiographs were beingtedk in many places, including the
United States and Europe. They were using thisnigol on battlefields to locate the
bullets in injured soldiers. Due to the high voliagquired to create X-ray images, the
source tube would often get collapsed by high gnérgis problem was resolved only
after the creation of a Coolidge tube (a large uatu-ray tube) in 1913 that later served
as a reliable and robust source to generate X-féws invention provided a useful tool for
the medical industry to image soft tissues and $baging fractures, dislocation, swelling

and any alien bodies in the human body can beifigeint

Image Source: R.VanTiggelen, 2001

Figure 1.1: First X-ray image on film
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Soon after the discovery of X-rays, a French sigehtenri Becquerel discovered the
phenomenon of natural phosphorescence or radidgctwmother form of rays having
similar penetrating power. He observed, when sonmenmals are exposed to sunlight,
they eventually irradiate or fluoresce. He captufteid radiation or fluorescence on
photographic plates or films. He mainly worked withanium, and his continued
research validated that uranium was the chief soafaadiation. At the same time,
Polish-French physicist Marie Curie was also wagkivith her husband Pierre Curie,
to discover other sources of radiation in the wamiore. In 1898, the Curies
unearthed polonium and (named after Marie’s nd@ekand) and Radium. Both were
highly radioactive than uranium. Later on, Ernestterford identified alpha and beta
particles while working on atoms. J. Chadwick dissred the neutron in 1932, and in
1934, F. Joliot and I. Curie were able to prove fhreduction of an artificial
radionuclide {°P). George Charles de Hevesy, develoffed a radioactive tracer to
study chemical reactions and metabolism in aniniEiese radionuclide$?P, *Na
and ™Y were then commonly used for diagnosis and ther®bpsphorus and iodine
are still being used in radionuclide therapy; wheteis very important in diagnostic
nuclear medicine. It has not only been used asmnadiide for multiple examinations
of the thyroid but also employed as a tracer tellafarious pharmaceuticals. It was
immediately implemented in humans after its discpwand first reported in excised
thyroid gland following the uptake of the radioridel Presently, the®Tc™

radionuclide is most extensively used in diagnasticlear medicine imaging.

In the late 18 and early 28 centuries, after the discoveries of radioactisitg x-rays,
various health care industries were allowed taupex-rays machines. Through these

years, there was no concern of unintended conseegsi@f the follow-up usage of these
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rays. Nobody was aware that these rays could béndgttal, in part, because of the
slow onset of symptoms. Some investigators notatehges in the skin due to much
exposure to the X-rays. These changes were mosthereed in the hands of
radiographers, who commonly used their hands tdhixsource in the tube. The first
radiation burnt hand was reported in Germany og 9ul1896. In general, the early
investigators would not even suspect a problem Wi¢hrays similar to light because
they could neither see, smell, hear, nor feel.Heumore, the effects were delayed and
often attributed to some other cause. However jrmanis exposure leads to substantial
damage in the skin and even resulted in deathadition workers. There were many
martyrs to radiology in those early days. Later, 1836 the “Deutsche RoOntgen
Gesellschaft”, upon the suggestion of Hans Mey8i7111964), a radiotherapist from

Bremen, erected a monument to the martyrs of Xarad/Radium from all nations.

1.1 Casualties of radiation exposure

Pierre Curie, during his Nobel Prize lecture, higied the primary complications of

radiation exposure for the first time and speculdlat radiation could be abused by
criminal hands and would be more dangerous. Thusstipned whether humanity

would benefit at all after knowing this aspect afliation, particularly concerning

about the use of radiation in war.

The two times Nobel Prize winner (physics and clsény), Marie Currie died of
aplastic anaemia an illness characterized by deplaif bone marrow ability to
produce new blood cells. She used to carry radiiats in her lab coat or stored them
in her writing desk. Unfortunately, this habit expd her to such a high amount of

ionizing radiation that her personal belongings at#l radioactive and having
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radiation that will last for an additional 1500 y®aAny scientist who wants to visit
Curie’s possessions is obligatory to sign a disotai and wear personal protective
gears. Later the incidence of Radium girls camgiéture in 1916. The United States
Radium Corporation started a factory and hired @0ng women to paint digits on
watches with a radiant paint, and routinely hand®adlium with their bare hands or
sometimes pull the brush between their lips to medeellent points. These factory
workers also branded as “the radium girls” — beghowing signs of radiation

sickness and bone decay and all died within fiverye

The two Atomic bombs used in the Second World Warendropped over Hiroshima
and Nagasaki in 1945. The casualties were dreadhdut a half-million in both
cities, including deaths in few days due to sey®mns and radiation sickness. The

radiation aftermaths were depressing until decades.

In 1986, the Chernobyl nuclear power plant disastelJkraine, then the Soviet
Union, is the first and only accident of commera#bmic power known to cause
fatalities. It was the outcome of a faulty reaalesign, combined with human error.
Operators ran the plant at the very low power sypplith inadequate safety
precautions, the reactors were extremely unstabtavagpower hence the uncontrolled
power flow led to Chernobyl destruction, exposiogs of reactor uranium core to the
environment. This led to many deaths within a feeels of the accident due to
thermal burns and cardiac arrest followed by massation. After that, a circle-
shaped exclusion zone of radius ~30km was createthe nuclear power plant,
which was expanded later. Though no one lives @ eRkclusion zone, however

scientists and others need permission to entearéfgefor a limited amount of time. In
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2018, the United Nations Scientific Committee or tifects of Atomic Radiation
(UNSCEAR) reported nearly 20,000 documented cadethysoid cancer among

individuals who were under 18 years of age atithe of the accident.

Another unfortunate accident occurred in 1990 afimic in Spain, where cancer
patients receiving radiation therapy were boometh véi high dose of radiation
approx. Seven times higher than the applicable .das®tal of 27 patients were

irradiated, out of them, 20 developed radiatiokrséss and died within five years.

One nuclear power plant based accident occurrddanch 11, 2011, in Japan where
a major earthquake resulting in 15-metre high teunveaves caused the loss of power
to Fukushima Daiichi reactors leading to the inotd@he entire site got flooded with
water, and most of the reactor units were disabiediiding back-up generators. This
resulted in the loss of proper maintenance of mgacboling; thus, the hot water
circulation function caused the melting of reactore and leakage in water. Although
there was no reported death due to radiation sgskreut over 100,000 people were
displaced from their homes, and around 1000 deetises were reported due to
evacuation stress and transfer trauma. Apart ftioisy there was a long-lasting,

heavy radio-contamination to water and air thatilsnot decontaminated.

Sometimes such radiation accidents are not duaytmatural mishappening or planned
attacks but maybe because of unawareness of cadiatizards. In this context, Mayapuri
incidence is very famous. Mayapuri is the junk metzpital of India where giant
containers of scrap are imported from across thédwio 2010, a scrap dealer bought an
unused gamma irradiator from a department of tieetsity, which was left to scrap for

the last 25 years. The radiological accident oecuat a scrap market in New Delhi,
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where the source got mixed with the scrap and drem) radiation poisoning to seven
people, one of them died due to radiation exposnd,several other were hospitalized
after the onset of symptoms of radiation sickneasger, the source was confirmed as
Cobalt-60 pencils, one of the parts of irradialdrereafter, a case was registered against

six professors of the University for such an ireeggble act.

It seems that the destruction caused by atomic bambadiation accidents were one of
the most frightening events in the past centurygli®esn is a compelling force that can

kill and save lives (by radiotherapy). Radiatiomsalities can be disastrous, but these
disasters taught us to be very careful with thgh¥powered phenomenon. It's a hard-
earned lesson indeed. Such devastating events cneaite interest and enthusiasm

towards the research in the field of radiation @sdetrimental biological effects.

1.2 Radiation

Thinking of the term ‘Radiation’ bring so many thghiis to our mind. According to a
physicist, radiation is a form of particle/wavesiethrequires some medium or can travel
in space. In contrast, for a chemist, radiationmaets interaction with the surrounding,
which might lead to bond breakage. Still, wheroihes to a biologist, the first notion that
arises is whether it can damage life forms. Thadiation can be defined as a form of
energy having both particle and wave nature, @mektin the medium as well as in space,
can break the bonds and also can damage or dféetiving beings. Basically, radiation
is of two types; ionizing (alpha, beta, gamma, Xsraetc.) and nonionizing (UV, IR
waves). Non-ionizing radiation has sufficient epetg raise electrons in atoms or

molecules to a higher energy level (excitation},imi enough to cause ionization.
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1.2.1 Ionizing Radiation:

lonizing radiation (IR) consists of high energytthan break bonds, while non-ionizing
radiation can only move or vibrate the bonds. liagizadiation has adequate strength in
its photons to remove orbital electrons from mdiesor atoms resulting in the production
of free radicals, consisting of unpaired electrdri®e Free radicals generated are highly
reactive having extremely short half-life (nanose to a few seconds) and are
characterized by the localized release of a langeuat of energy, examples are Alpha,
Beta particles, electrons, protons, neutrons ovyhearticles (particulate) and X-ray or
gamma-ray photons (electromagnetic radiation)zlogiradiation is further classified into
two categories- High LET radiation (Neutrons, alplaticle) and Low LET radiation (X
rays, Gamma rays). High LET radiation is a formaafiation that deposits a large amount
of energy in a short distance. In contrast, Low lr&diation deposits less energy along the
track and travel a long distance. High LET radiaimnizes water into H and OH over a
short path, two events befall in a single cell saamake a pair of two adjacent OH
radical that combine to form peroxide;(®d that causes oxidative injury to cell (Fig;1.2).
Low LET radiation also ionizes water, but over agalistance, two events occur in two
distinct cells, such that adjacent radicals ar@fopposite type; hence H and OH radical

unite to form HO (Fig;1.2).

OH OH |H202
High LET radiation H H
OH | H20 OH | H20
Low LET radiation H H

lonization state & Linear Energy Transfer

Figure 1.2: High LET versus Low LET radiation
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Radiation affects the life forms by mainly two madk - direct and indirect. The direct
effect is observed in the case of radiation withhhénergy where direct cleavage of
bonds occurs, which lead to DNA damage and pratematuration. Immediate effects

can be prevented by using radiation shielding rasesuch as lead.

In the indirect method, the radiation interactshvather atoms/ molecules in a cell that
are not direct targets (mainly water), to produglly oxidizing free radicals which then
diffuse and damage the crucial sites. The indieft#ct involves the formation of
intermediates like ROS (reactive oxygen specieshichw will further lead to
macromolecular (DNA, lipid, protein) damage. Asapfasm of most cell contains 80%
water, when radiation acts on cytoplasm, water lggdsolyzed to hydroxide radical (OH,
H, HO,, H30" etc.). These free radicals encounter cellular amolecules, such as DNA,
RNA, proteins, membrane, which leads to cell dysfion and mortality (Fig;1.3).

Electromagnetic radiations both high and low LE& ianizing.

C EFFECTS OF IONIZING RADIATION D

DIRECT EFFECT IN DIRECT EFFECT
. Radiation
Radiation
g
tL!‘ H,0——* H.+ OH.
: Generation of free radicals
Cell S
Cell
Bond brakeage in crucial bio R .
macromolecules Free radicals interact with important bio-
macromolecules (targets)
l DNA LipidsProteins )
v _ i ,///
T P
CELL DEATH CELL DEATH

Figure 1.3: Effects of ionizing radiation on cellular systems
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The extent of radiation-induced damage is detemnime the total amount of energy
absorbed, the time duration of exposure, the daseof exposure and particularly which
organ has been exposed (Akleyev, 2016). The raufisitsvity of the cells of tissue is

directly related to the speed of cell proliferataond inversely proportional to the extent of
cell differentiation (Packard, 1930). It means thggressively dividing cells or immature
type of undifferentiated cells are most vulnerableadiation. Therefore, the cells having
a high division rate, high metabolic rate, well-risiied and of un-specialized type are
most radio-sensitive. Cells/tissues undergoingdrapoliferation have high sensitivity to

radiation, for example, cells of the hematopoietitd gastrointestinal (GI) system,

spermatogenic cells and the vascular system (AK&@16).

Table 1.1: Levels of radio-sensitivity in different tissues

Radiosensitivity of various type of Tissue/Cells

Radiosensitivity Tissue/ Cells

High Lymphoid organs, bone marrow, blood,
testes, ovaries, intestines

Fairly high Skin and other organs with epithelial
cell lining

Moderate Optic lens, stomach, growing cartilage,

fine vasculature, growing bone

Fairly Low Mature cartilage or bones, salivary
glands, respiratory organs, kidneys,
liver, pancreas, thyroid, adrenal and
pituitary glands

Low Muscle, brain, spinal cord

Aggressively dividing cells are more radio-sensitithan non-dividing cells
(Packard, 1930). Out of four phases of Mitosis (61G2, M), M phase in which

condensation of chromosomes takes place is the radgi-sensitive phase. Here,
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complete DNA is present at this stage of the galle; hence results in being the most
radio-sensitive stage. Another instance of a highlgio-sensitive cell system is a
malignant tumour, where, the outer layer of tumaeits rapidly generate, and have a
good supply of blood and oxygen. Since the reprducells are more sensitive to
radiation, the presence of oxygen in quickly dirglcells increase sensitivity towards
radiation. Anoxic cells (cells having insufficiemtygen), such as the cells that reside
in the heart of a tumour tend to be dormant. Tleegfwhen a tumour is opened up to
radiation, the outer layer of fast proliferatindleés destroyed, causing it to shrink in
size. A tumour cannot be given a massive dosediétian to destroy it in one go, as
the patient may suffer radiation-based morbid carafibns. Instead, a fraction of
radiation doses are given each day that causesaraldrinking of tumour, and this
also gives a chance to the healthy tissue forrselfvery. Similarly, the growing
embryo also comprises of fast-dividing cells andiig a regular blood supply and
plenty of oxygen makes them more sensitive to tamlalike tumours but with

different consequences.

Biological effects of radiation are typically diwd into two categories. The first
category is of deterministic effect, in which higbse radiation exposure occurring
for short duration causes short term or acute &ffelhe second category includes
exposure to low dose radiation for an extendedpdaading to long term, or chronic
effects are known as stochastic effects. Low dd&kgot cause any immediate effect,
but they damage slowly over time and remain onlg atllular level, the results are
often seen after years of exposure, e.g., mutatiblosvever, high dose radiation
causes extensive damage to tissues and organs anaause a rapid whole-body

response called the Acute Radiation Syndrome (AR8)ite radiation syndrome or

10
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acute radiation sickness is generally referred éscdbe the multiple sign and
symptoms observed after whole-body or significaattipl body irradiation with a
certain dose of radiation (>0.5 Gy) delivered aigh rate. In general, these signs and
symptoms are necessarily the consequences of seadigdion injury to particular
tissues of specific organs. ARS is further categpatiinto three sub syndromes:

hematopoietic, gastrointestinal and neurovascytadreome.

Hematopoietic syndrome: Bone marrow is home toh#matopoietic stem cells and
progenitors, which undergo rapid proliferation amebduce all type of blood cell.
Therefore, these rapidly dividing cells are susbépto ionizing radiation. Hence, the
hematopoietic syndrome can be observed at radidtisas exceeding 1 Gy, below this
the surviving cells will be able to replenish théhole blood cells, and only an
insignificant diminution can be noted in blood a@unt. The extent of damage depends
on the absorbed dose of radiation, higher the Bbdalose, more damage will occur to
hematopoietic stem and precursors cells. In tine,bbne marrow may be left with no
stem cell to regenerate the lost blood cells andesthe development of hypoplasia or
aplasia of bone marrow. In such cases, mortality otaur due to infection or bleeding.
At doses between 4.5-6 Gy without any supportive,daymphopenia may occur before
the onset of any other cytopenias, due to thetradianduced apoptosis in lymphocytes

within 24 hour of a moderate to high dose exposure.

Gastrointestinal syndrome: It generally occurs at a radiation dose between 6
15 Gy. The clinical symptoms appear due to the dgnta stem cells located in the
crypts that are required to regenerate the vilhug, the denudation of intestinal

mucosa initiated within 7 to 10 days post-radiatiexposure, causes diarrhoea,

11
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dehydration, loss of electrolytes, intestinal blagdperforation, and translocation of
gut microbiota. The immunosuppression accompanyetid hematopoietic syndrome
favours the opportunistic infections and death aitevdue to sepsis, dehydration and

multi-organ failure.

Neurovascular syndrome: occurs at a radiation dose higher than 20 Gy isnd
characterized by very short prodromal and laterdasph followed by neurological
symptoms such as headache, abnormal cognitionplogical deficits and finally

somnolent state, loss of consciousness and death.

Exposure to radiation is not an assurance of haimare is no threshold model, thus
more the exposure the higher will be the risk, andadiation dose is small enough to
produce no effect. Therefore recovery needs theriantion of some molecules for
the stimulation and proliferation of stem cellseafitradiation. Thus to overcome such
situations and to reduce life-threatening evertg, tole of radio-protectors and
mitigators comes in play. These are compounds gbafore or after the radiation

exposure and have the ability to protect the ¢edis radiation-induced damages.

1.3 Radio-protector and Radio-Mitigators

The research and development of radio-protectiventsghave been conducting for
many years. A radio-protector is the compound gweor or at the time of radiation
exposure which reduces the side effects of radiabio the healthy tissues. Radio-
mitigator is the compound given at the time orrafteliation exposure. They could be
either artificially synthetic compounds or isolatitdm natural resources. These are

mainly intended to protect the normal and healtBsoof an organism against acute

12
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and late effects of ionizing radiation. They carfeetively reduce morbidity or
mortality if given pre or post-radiation exposuRadio-protectors should prevent the
detrimental effects of radiation and protect patieduring treatment to offer
therapeutic advantage and enhance the overalltgualilife (Citrin et al., 2010).
Radio-protective agents could counteract radiaéfacts either from accidental or

intended exposures hence are also called as md@iLntermeasures.

The need for radio-protectors is mainly for thedferof radiotherapy and applications
in the nuclear industry, outer space, military aedidental exposures. The worldwide
increase in cancer disease demands radiotheragyféotive treatment and safe radio-
protectors to maximise benefits of radiation byimining normal tissue toxicity during

radiotherapy of tumours. In the patients havingperable tumours, radiotherapy is
sometimes the only choice, though accompanied byatiiverse effects on healthy
tissues. The cases of death as a consequenceaaypehtc radiation exposure are rare;
however, the accidental radiation exposure briyere early and late effects sequel
such as cancer (I, Board, Studies, & Council, 20TRgrefore, research of the radio-
protective agents is needed to furnish protectmmuman being against detrimental
health consequences from radiation exposure, phatig in the present-day medical

fields as well as to conquer nuclear warfare.

lonizing radiation (IR) induced biological damagainmy arises after the interaction
of IR generated free radicals with cellular bionwoles. Implementation of

scavengers for free radicals could subsequentlyceedhe manifestation of loss.
Thus, the antioxidant compounds hold the potemtiahinimize the damage caused

by the indirect mechanism through free radical. Tbmpound containing sulfhydryl

13
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group are excellent scavengers, retain the tendeémcgionate a hydrogen atom
requisite to chemically reduce the free radicatigse(C. K. Nair, Parida, & Nomura,
2001). To date, Amifostine (WR-2721) is the onlyA-Bpproved radio-protector. It
is a synthetic aminothiol $2-(3-aminopropylamino) ethyl phosphorothioate)
sulfhydryl containing compound normally used imads for protecting the normal
healthy tissue via scavenging of free radicals{Cit al., 2010). So far, amifostine
has been used as a cytoprotective adjuvant incsliagainst xerostomia during
radiotherapy of head and neck cancer (Hensley.e@09). Amifostine is highly
specific and does not protect the tumour tissue ale of differential
microenvironments like higher pH, higher alkalineopphatase activity and vascular
permeation of healthy tissues as compared to turisswe(Kouvaris, Kouloulias, &
Vlahos, 2007). Despite its approval as a radiogmidte drug, the use of amifostine is
limited due to its cumulative toxicity that is ergsed as nausea, vomiting,
hypotension, and allergic reactions. These allerggponses may be localized or
widespread and indicated by skin rashes, erythemiaaria, diarrhoea, multiforme,
and few reports of anaphylactoid reactions (Kowvai al., 2007). The inherent
systemic toxicity, high cost, and a narrow therajgsewindow make it unsuitable for
applications in the non-clinical setting. Moreovether non-sulfhydryl-containing
compounds that can inhibit the generation of fradicals or destroy them by

chemical reactions could also function as a radadgetive drug (Citrin et al., 2010).

To date, numerous medicinal plants, either as ire piorm or in the herbal
preparations, fractionated extracts or as isolatadponents have been assessed for
their radio-protective potential against IR inducktmage(Weiss & Landauer, 2009).

Most of them showed an anti-inflammatory, immunondatbry, antimicrobial,

14
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antioxidant, or anti-stress properties, but nohghem has been approved as a
potential radio-protective agent (Arora et al., 20QR\Ibeit herbs and medicinal plants
are in practice since ages and generally considasdafe, natural and human
friendly, but their usage in particular conditiostill needs scientific approval and

validation, these might have side effects too.

Therefore the present demand is for developing neafer and effective radio-
protector, with higher success and no/less bioldgionsequences. Thinking of the
body’s immune system cytokines comes first as actimlecules after radiation
exposure. Cytokines are highly influential molesuleat generally express transiently
in response to any stimuli. The reactions are kighbanised within a network of
units that perform collaborative and overlappingdtions accordingly to meet the
challenges (Schaue, Kachikwu, & McBride, 2012). dBytes also impact the
modifications in cell adhesion molecules, immunecogmition, cell cycle
arrest/proliferation, cell death or survival, anatabolism to harmonize cell and
tissue responses. Cytokines also affect inherefiulae radio-sensitivity, the
prevalence and type of tissue complications, ramiabystander effects, genomic
instabilities and cancer (Schaue et al., 2012kalmcer, cytokine pathways are often
dysregulated, and several inflammatory cytokinesfaund to modulate therapeutic

gain that results in tumour relapse, invasion argiagenesis.

1.3.1 Interleukin-6 (IL-6); a promising radio-protector
A variety of cytokines have been upregulated irpoese to anticancer therapies
including IL-6, IL-8 and TNk (Landskron, De La Fuente, Thuwajit, Thuwajit, &

Hermoso, 2014). Amongst these, IL-6 is known tatdbute to poor therapeutic
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gain, tumour relapse and aggressive tumour groWthmari, Dwarakanath, Das, &
Bhatt, 2016). Interleukin-6 (IL-6) is a ubiquitoagtokine, pleiotropic with both pro-
and anti-inflammatory properties, produced and etedr by various types of cells,
including the tumour cells. IL-6 is also recognised a critical regulator of
immunosuppression in patients with advanced cankief protects cells from
radiation cytotoxicity, though it affects radiatioesponse differently in different
cancers. IL-6 plays an important role in cancemdginoand progression by influencing
nearly all hallmarks of cancer such as resistinly death, anti-oxidant defence

system, DNA damage repair, metabolic remodelling @umari et al., 2016).

Radiation either directly causes DNA damage orraudly produces the reactive
oxygen species (ROS) that damage the cells. Masgarseiperoxide dismutase
(MnSOD) is the principal antioxidant enzyme, whicatalyses the protonation of
superoxide anion radicals and protects the celisnfrROS-mediated damage.
Moreover, MNnSOD regulates the radiation responseelié, tissues, and organs, which
is very critical for the mitochondrial and cellularotection from oxidative stress. It is
evidenced that increase in MnSOD expression mediatinduced resistance to

radiation in myeloma cells (Brown et al., 201Bydrogen peroxide (kD) is a potent

reactive oxygen species that cause mitochondriafudgtion and cell death. The
preconditioning of cells with IL-6 decreasegO4mediated cell death by increasing the
expression of prohibitin, which is involved in ndtwndrial biogenesis and
metabolism, apoptosis and replicative senescenaeetlal., 2012). This not only

alleviates oxidative stress but also modulate ttizvagion of cell death. The potential
growth stimulatory effect of IL-6 in tumour cells due to the activation of several

signalling pathways. IL-6 stimulates tumour cethlgeration and survival by activating
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the Ras/Raf/MEK/MAPK, PI3K/AKT and JAK/STAT pathwayia gpl30 tyrosine
phosphorylation. IL-6 regulates the process of &g by mainly activating the
STAT-3 signalling, which transactivates the exprms®f anti-apoptotic proteins and

downregulates pro-apoptotic proteins in many can@feumari et al., 2016).

Moreover, enhanced aerobic glycolysis is one of pheminent phenotypes of a
majority of cancer cells which facilitate proliféi@n and confer protection against
death, besides energy production (Bhatt et al.528arburg, 1956). This induced
glycolysis is one of the significant factors thantribute to IL-6-induced therapeutic
resistance in cancer. Further, IL-6 has also beend to mediate its multi-lineage
haematopoietic effects by shifting stem cells fritre GO to the G1 stage of the cell
cycle, thereby inducing the proliferation and makstem cells more responsive to
additional haematopoietic growth factors such a8,IlL-4, G-CSF, M-CSF or GM-

CSF (Patchen, MacVittie, Williams, Schwartz, & Sau2991). Therefore, it appears
that IL-6 facilitates tumour growth primarily byhibiting apoptosis and enhancing
cell proliferation. Since, IL-6 regulates nearlyl &kllmarks of cancer, such as
inhibition of apoptosis, promotion of survival, fferation, angiogenesis,

invasiveness and metastasis, and importantly cazetemetabolism, many of these
properties of IL-6 make it a suitable candidaterfatioprotection and convince us to
check its radio-protective potential in normal amelalthy cells as it protects the

cancer cells from radiotherapy.

This study took the most radio-sensitive cells efmlatopoietic and gastrointestinal
(Gl) system forin-vitro studies and focused mainly on the hematopoietat @h

systemsin-vivo. In these tissues, whole-body irradiation causesredse in cell
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proliferation resulting in severe symptoms of réidia sickness, demonstrated by Gl
disorder, bacterial infection, loss of body fluidanaemia, bleeding, electrolyte
imbalance and death. A radiation dose of 1 Gy mvakn humans is sufficient to
cause the hematopoietic syndrome, leading to aedserin leukocyte count and
increased susceptibility to infection. At doses\ah8 Gy, injury to the Gl system are
prominent and contributes to mortality. Therefaenolecule that inhibits radiation-
induced cell death, particularly in these two ogyacan be promising in the

development of radio-protectors.

Aim and Objectives
In light of the above rationale, the thesis is alma&t evaluating theRole of
Interleukin-6 in cellular and systemic responses to ionizing radiation. The

objectives designed to achieve the above-mentidmadare as follows

1) To study the cytoprotective potential of IL-6 agaiionizing radiation using-
vitro models.
2) To investigate the role of IL-6 in cellular respesgo radiation-induced DNA

damage

3) Evaluation of radio-protective efficacy of IL#6-vivo (mice) models.
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CHAPTER 2
REVIEW OF LITERATURE

2.1 Radiation

I ntroduction

Radiation is the energy given off by matter in them of rays or high-speed particle
energy that travels through space. To gain stetatg;sunstable nuclei of atoms
discharge excess atomic energy, and these sponotaereussions of energy are called

radiation. Radiation exists in two basic physicahis-

One form of radiation is pure energy with no mas®own as electromagnetic
radiation like waves of electrical and magnetic rgge Common types of

electromagnetic radiation comprise sunlight (cosradiation), gamma rays, radar, x-
rays, and radio waves. A different form of radiatis known as particle radiations
consist of tiny fast-moving particles that havelbenergy and mass (weight). This

form of radiation includes alpha particles, betdipkes, and neutrons.

2.2 Types of radiation

Radiation is mainly divided into categories basedle interaction with matter.

lonizing radiation Non-ionizing radiation

e |t has adequate energy in its photons to removetabrbe It has plenty of energy to

electrons from molecules or atoms raise electrons in atoms or
molecules to an uppe
energy level (excitation)|,
but not enough to caus
e Resulting free radicals are very reactive with ay\amall half- ionization

life (nanoseconds to few seconds)

=

¢ Induces the production of free radicals, consisthgnpaired
electrons

9]

e Examples:- radio waves,
e Characterized by the localized release of largeuais®f energy visible light, microwaves.

e Examples: Alpha, Beta particles, electrons, prstoreutrons
or heavy particles (particulate) and X-ray or ganmaa
photons (electromagnetic radiation)
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RADIATION

lonizing
radiation

Non lonizing
radiation

[ Particle
beams

| Uncharged particle
beams (indirectly
ionizing radiation)

Charged-particle———— a-particles (helium nuclei ejected from a nucleus)
T beams (directly
ionizing radiation)

|— B-particles (electrons ejected from a nucleus)

Proton beams, deuteron beams, triton beams,
heavy-ion beams

|— Charged meson beams

l— Fission fragments, etc.

— Uncharged meson beams

l— Neutrino

| Neutron beams, etc. (produced in nuclear reactors,
accelerators, etc.)

— Electromagnetic

(indirectly ionizing radiation)

l_ X-rays (generated outside a nucleus)

y-rays (emitted from a nucleus)

Electric waves, microwaves, infrared rays, visible rays, ultraviolet rays, etc.

Figure 2.1: Types of radiation, ionizing vs non-ionizing

Types of ionizing radiation

Type of

r adiation Nature/ identity Properties
Possess high ionizing power
Positively charged The concise range of penetration (~ 1-2 inches)
Helium nucleus Lose their kinetic energy quickly
Alpha (o) consisting of two Cannot enter human skin and can be prevented byget sf
neutrons and two paper
protons Toxic only if internalized
Examples: Uranium, Thorium, Radium
) ) Released from a neutron- excess radionuclide
ngh-veloc_lty Higher penetrating power than alpha particles (&)
electron ejected . .
from a Some peta particles can penetrata_a Fhe skin; anbe:qmevented
Beta @) disintegrating by a thin sheet of metal like aluminium, plasticadolock of
nucleus (Negatron wood . .
or Positron) Hazardous if internalized
Examples: Strontium- 90, Tritium, Carbon-14, an¢fi8t85
Highly penetrating; can only stop by several fded ooncrete
. wall or a few inches of solid material (lead)
Neutral,_ highly Gamma rays are intranuclear, X- rays are extraauaheorigin
Gammat) | energetic
and X- rays | electromagnetic X-Ray_s are of longer wavelength and lower energy thamma
radiation radiation
Examples of gamma emitters: iodine-131, cobalte@8jum-
137, and radium-226
Produced as a consequence of spontaneous or inducksér
fission
Sma_lll, Neu_tral Highly penetrating
Neutrons particles with a Prevented by very dense hydrogen-containing médetike

mass very close to
a proton

concrete or Water)

Found in nuclear reactors where steel, concretesangral feet
of water offer effective shielding
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M ode of action of ionizing radiation

Based on its interaction with the medium, IR igher categorized into two types:

Directly ionizing

Indirectly ionizing

e Radiation directly causes ionizatio
excitation of atoms of the critical targe
inside the cell, like DNA, producin
chemical and biological damage themselvg

e High linear energy transfer (LET) radiation
such as neutrons or o-particles
predominantly act through this mechanism

e Direct effects can be prevented by us

n/
S
)]
BS

radiation shielding materials such as lead

Radiation reacts with other atoms/ molecu
in a cell that are not primary targe
(particularly water), to generate high
oxidizing free radicals which then diffuse a
damage the critical targets

Electromagnetic radiations (X- anerays) are
predominantly indirectly ionizing

les
ts

y
nd

Indirect Action Direct Action
M Repair
Radiation
Radianon *% @
“ H:0 H* OH
lonization and excitation /
He+; OH*; HO3 : H;0,

" @] @ ™ D
Ilohcl.ll.lr Damage

Free Radicals and

Hydrogen Peroxide

Teratogenic
- 1017 to 105 seconds —p| |4—--— minutes to decades --—bl

Source: https://www.slideshare.net/confitom/chapl-physios-chemistry-of-radiation-absorption

Figure 2.2: Different modes of action of ionizing radiation

2.3 Chemistry of lonizing Radiation

Generation of reactive oxygen species (ROS)

The indirect mechanism accounts for approximatOh78% of the biological damage

produced by IR. Since water comprises 60-80% ofhilnman tissues, most of the
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ionizing events will take place in the water molesuas a result of radiolysis (Riley,
1994). The first event of the interaction of IR lwinhatter involves the deposition of
energy into the medium, which further generatesorseéary electrons, leading to
secondary ionizations (Riley, 1994). The radiolysis decomposition of water
following exposure to IR results in the formatioh lighly reactive radicals and

molecules (OH°, &, H,O, and H") and can be represented as:

HO — HO + OHO + gy + HyO, + HsO' + HytHO,’, OH

The radiolytic events occur in three main stagaang place on different time scales,

which is described in figure 2.3 (Le Caér, 2011).

Time (s) lonizing Radiation
0 —— Consists of energy
deposition followed
. excitation ionization by fast relaxation
Physical stage processes (H,07,
1 H,0%e are formed)
H,0" HO +e <]
1015 et
\ I ho N
Phvsico-chemical HO* + H- Hzo /| The 3 initial species
y L+ o('D) H,0 (H,0",H,0*and e)
stage H,0 react further to
l H,0 2 produce chemically
reactive species:
H'+HO*  H,+2HO* HO*+H,0* HO'+H,+OH e, | HO- Ho and ey
q ~7
10125 ——

Chemical stage ' - -
Species react with
each other and also

10%s aq‘ He*, HO", HOZ ,OH", H30 Hz, H 02 with surrounding
molecules (in the
y solute).

Source:(Le Caér, 2011)

Figure 2.3: Main reactions taking place during the three stajgegater radiolysis

The free radicals generated as a result of radobe incredibly short-lived (19

10" second); however, they immediately react with Bisynolecules present in their
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vicinity to produce highly specific site-specifixidative damage. The hydroxyl
radical (*OH ) is the most reactive of all the ospederived free radicals, and an
estimated 60-70% of the cellular DNA damage causgdR is believed to be
triggered by hydroxyl radical (¢OH) (J. F. Ward949. In the presence of oxygen, the
primary ROS species can give rise to the seconsjaggies (g, H,O,) within one
picosecond. The superoxide radical,{Oand hydrogen peroxide {B,) are
moderately stable and can persist in the celluldiemfor more extended periods.
Although Q" is relatively unreactive than other ROS, it caadléo the formation of
more reactive species such as peroxyl (ROOs»), slk(RO¢) and *OH radicals by
reacting with biological materials.,B,, on the other hand, is a weaker oxidant than
0,7, but can aid in the formation of more reactive R@®lecules including

hypochlorous acid (HOCI) by acting as an intermidiadical as follows:

H* + Cl + H,0, —> HOCl + H,0

Additionally, in the presence of divalent metalatgsts (ferrous or cuprous ions),
H,O, can give rise to additional amounts of *OH by Henton reaction(Fridovich,

1997).
H,O, + Cu'/Fe?* —> OH" + »OH + Cu?*/ Fe>*

Production of reactive nitrogen species (RNS)

The nitric oxide (NO are generated as a consequence of radiation teddia
activation of nitric oxide synthase (NOS) activitycells (Freeman & MacNaughton,
2000). NO arises in NOS dependent oxidation of L-arginine_tcitrulline, in the

presence of NADPH, £ heme, flavin nucleotides, tetrahydrobiopterin,dan
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Cé&’*calmodulin as cofactors. The reaction of @@th NO' causes the formation of a
membrane-permeable, reactive nitrogen oxide speeigsynitrite (O=NOQ. While
NO" is chemically inert to most of the cell componermieroxynitrite can directly
react with various biomolecules. Other potential SRiMomprise nitrogen dioxide
(NO,), nitroxyl (HNO), and nitrosonium cation (NP (Wink & Mitchell, 1998).
Therefore, the radiolysis of water and timely stiaion of NOS are the significant

causes of ROS/RNS production in irradiated celtblenrambient oxygen.

The chemical change induced by the free radicalg Imarepaired before it becomes
irreversible by recombination of free radicals afisisipation of energy or may be
modified by the presence of agents such as moleaxggen or radio-protective
compounds. The presence of oxygen at the timeadiation, or within microseconds
of the radiation has been shown to enhance the glar(alledoxygen effegtby
chemically reacting with the newly formed DNA raali@and "fixing” (permanent) the
damage (GRAY, CONGER, EBERT, HORNSEY, & SCOTT, 1958though the
time required for the entire chain of physical ammical events (from interaction
with cells till damage induction) is of the ordef microseconds or less, the
subsequent development of biochemical or physiogthanges may take hours,

days or even years (as in cancer) to become visible

2.4 Biological effects of ionizing radiation:
Radiation exposure can lead to many serious hedfdtts, and these have been
classified as deterministic and stochastic effegtshe International Commission on

Radiological Protection (ICRP, 1990).
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2.4.1 Deter ministic effects (non-stochastic effects)

These effects, also called non-stochastic effecise when a large population of cells
in a tissue are inactivated by radiation, thusrmgviise to anatomical or functional
tissue damage. Non-stochastic effects generallgcted when a minimum dose of
radiation, the so-callethreshold dosehas delivered. Examples of includes nausea,
vomiting, skin redness, hair loss etc. Radiologimadtection intents at eluding the
deterministic effects by fixing the dose limit, $eshan thresholds. Deterministic
effects occur when many cells die, due to a higfiateon dose, that cannot be
replaced, and the equilibrium between proliferataord death shifted towards the
latter. In turn, the targeted tissues and orgamgpsid working appropriately, which
ultimately leads to biological alterations at tlegigus note. These effects are usually
not fatal but can cause impairment of some bodyspand other non-malignant
changes may arise. It may cause significant impeatnin the form of necrosis and
functional damage of tissues. The best exampleataract characterized by the
opacity of eye lens and skin damage mostly seethiaging and ulceration of the
skin. High absorbed doses of several Gray are lyswafuired to cause these
conditions (ICRP 1991; IAEA Vienna 1996). The dtai severity of damage
increases with increasing doses. The damage casanj variable times ranging
from a few hours or days to several years postsx@ which depends upon the type

or physiognomies of a particular tissue.
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Effect Organ/tissue Time to develop effect Absorbed dose (Gy)®
Morbidity: 1% Incidence
Temporary sterility Testes 3-9 weeks ~0.1*°
Permanent sterility Testes 3 weeks ~6*
Permanent sterility Ovaries < lweek ~3%p
Depression of blood-forming Bone marrow 3-7 days ~0.5*°
process
Main phase of skin reddening Skin (large areas) 1—4 weeks <3-6"
Skin burns Skin (large areas) 2-3 weeks 5-10°
Temporary hair loss Skin 2-3 weeks ~4°
Cataract (visual impairment) Eye Several years ~1.5%
Mortality:
Bone marrow syndrome:
— without medical care Bone marrow 30-60 days ~1®
= with good medical care Bone marrow 30-60 days 2384
Gastro-intestinal syndrome:
— without medical care Small intestine 6-9 days ~64
— with good medical care Small intestine 6-9 days >6><
Pneumonitis Lung 1-7 months ehed

* 1CRP (1984).

® UNSCEAR (1988).

© Edwards and Lloyd (1996).

4 Scott and Hahn (1989). Scott (1993).

¢ Most values rounded to the nearest Gy: ranges indicate area dependence for skin and differing
medical support for bone marrow.

Source: ICRP, 2007. The 2007 Recommendations of the latemmal Commission on Radiological
Protection. ICRP Publication 103. Ann. ICRP 37 j?-4

Figure 2.4. Projected thresholds for tissue reactions (radiatimses that cause a 1%
reaction) after whole-body gamma-ray exposures

2.4.2 Stochastic Effects

These are the effects that occur by chance, wittmouthreshold level of dose, and whose
possibility of occurrence is proportional to theawed dose and its severity independent
of the absorbed dose. Non-lethal mutations maimlyse stochastic effects in cells
(particularly cancer). It is of important concelmattIR can induce cancer, which normally
does not evident up to several years of the iniéi&posure. Radiation-induced
carcinogenesis and hereditary effects are two icl@as@amples of stochastic effects of
radiation. If a low dose of radiation is delivergdwly over a long period, then the cells
have the opportunity to repair themselves withdwtwsng any signs or symptoms of

injury. The damaging effects of radiation may appewmch late in life (sometimes
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decades), or even in the progenies of the irratljaéeson. Such type of effects are called
stochastic effects, which are not certain to aling, the probability increases as the
radiation dose increases. Since the causes ofsiesd or syndrome are multi-factorial, it
is normally difficult to discern clinically that vi¢h effect is primarily because of radiation

exposure(Hall, Eric J. Giaccia, 2006) (ICRP 199EA Austria, 2004).

Deter minants of biological effects:

1) Rate of Absorption

The rate of radiation absorbed dose is very cftititghe determination of the type of
effect going to arise. Since, a substantial regpeecurs from the radiation damage,
as a given low dose rate will produce less imphah if a hefty dose of radiation

given as a single dose in minimal time becausexhisot allow the repair to occur.

2) Area Exposed

The portion of the body irradiated is an essepahmeter because the more significant
the area exposed, the higher will be the overatiadge to an organism. It is for the reason
that more cells have been affected; as a reseit thill be a high possibility of impacting
significant portions of tissues or organs. For eplen20 Gy fractionated focal irradiation
to the tumour regresses tumour and causes someffades to the nearby healthy tissues.

However, if the same dose is given as whole-bogpsxre, it will be lethal.

2.51 R induced macromolecular damage
The ionizing events and free radicals productionrdigiation cause damage to vital
cellular components. Because of their high reagtiROS can react with bio-molecules

and set off chain reactions, which can cross-lirdtgins, cause peroxidation of lipids or
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mutations in DNA by introducing single or doubleasid breaks or modifying bases
(Fig;2.5). The time between the breaking of chehimands and the manifestation of

biological effect may vary from hours, days, mordhgears.

2.5.1 Lipid Peroxidation

In general, lipids are oxidized when a hydroxylicatl extract an electron from an
unsaturated fatty acid. This generates a highlgtiealipid radical, which may react
with oxygen and forms a fatty acid peroxyl radicHhis peroxyl radical reacts with
another unsaturated fatty acid to make a new liadical and peroxyl radical, hence
propagating the damage. The continuous cyclespad fperoxidation cause severe
injuries to cell membranes. Radiation-induced R@figly *OH radicals) is also
harmful to membrane lipid. The oxidation of memlaahospholipids of the bilayer
of plasma membrane and organelles such as thehuoitdda disrupt membrane and
organelle function, which can further cause celittde Oxidation of membrane lipids
leads to enhanced membrane rigidity, reduced thaitgcof membrane-bound
enzymes, and also causes alterations in membrameeghility and the movement of
membrane receptors. Lipid peroxidation also produs@me other reactive species
like 4-hydroxynonenal (4-HNE), and malondialdehyM®A) which further add into
the cytotoxicity of a cell and have been used amhbrkers for evaluation of acute and

chronic oxidative stress after irradiation (Awashal., 2004).

2.5.2 Protein Oxidation
The reactive oxygen species generated byadiation (mainly, but not only *OH) in

the presence of oxygen causes covalent modificatfoproteins, resulted in protein
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oxidation or damage. This includes oxidation of mor@cid side chains, protein cross-
links, protein aggregation, breakage of the peptded, and creation of protein
carbonyls, etc. Out of several amino acids, soraerast susceptible to oxidation such
as Cys, Tyr, Val, His, Met, Try, Phe, Pro, Leu, ,TBfu, Arg and Lys. Estimation of
Protein carbonyl content has been used as a markeéhe evaluation of radiation-
induced oxidation of proteins (Manda, Anzai, Kumé&Bhatia, 2007). The destruction
of the inherent protein structure consequently detml loss or gain of enzymatic
activities, protein functions, increased/reducescseptibility to proteolysis, abnormal

cellular uptake, altered gene transcription, argheented immunogenicity, etc.

Enzymatic/Structural
Protein

Radiation Exposure of a Cell

Chromosomal DNA

Figure 2.5: Radiation-induced macromolecular damage in cdiks,picture shows the major
target (membrane lipid, enzymatic and structuratgans and DNA) of radiation.

2.5.3 DNA damage
IR is a harsh DNA damaging agent, produces a yanétlesions including base

modifications, alkali-labile sites, DNA—protein sginks, DNA-DNA intra- and
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inter-strand crosslinks, single-strand breaks (358w double-strand breaks (DSBs).
Interaction of «OH with the deoxyribose moiety ledd the release of free bases from
DNA, various sugar modifications and simple abastes. 8-Hydroxyguanine (8-
OHdG), hydroxyl uracil, thymine glycol and sevestier types of base modifications
have been reported following exposure to ioniziagjations (Hagen, 1994; Santivasi
& Xia, 2014). Out of these, 8-OHdG has been fretlyestudied as a biomarker for
DNA oxidation (Gao et al.,, 2019). SSBs or DSBs &wemed because of the
disruption of the sugar-phosphate backbone by IR @me exposure of cells to IR
typically causes around 1000 SSBs, 40 DSBs and Bafifified bases per Gray (Gy)
(J. F. Ward, 1994). However, at 1 Gy radiation dosly 20 to 30% of mammalian
cells die due to the high efficiency of DNA repaiachinery- predominantly for non-
DSB lesions. Generally, most of the damaged DN£emired within a few hours of
exposure in a normal cell (lliakis, 1991). DNA DS&® regarded as the most lethal
lesion produced by IR. Unlike SSBs, DSBs are higbkic, irreparable, and lead to
the extensive loss or reshuffling of genetic mateat the time of replication and
mitosis. DSBs can be observed cytogenetically atfittst mitosis after exposure as
translocations, dicentrics, ring chromosomes, nmigotei and double minutes. If the
cells failed to mount this damage or there is uairgple damage, they may decide to
enter into senescence or may initiate programmé#édieath (apoptosis) to evade the
transmission of mutations to the daughter celle fiamber of dicentrics per cell per
Gray (Gy) of ionizing radiation is consistent inobtl cells, which is exploited
presently to assess the absorbed dose of radiatiexposed individuals as biological
radiation dosimetry. Radiation induced micronueledl gamma H2AX assay in blood

cells are also popular methods in biological radmtosimetry.
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2.6 Cellular Responseto Radiation

The biological effects and impact of IR dependtmnradiation absorbed dose in cells or
tissue which are at risk and is a complex funatibseveral other biophysical factors, such
as the radiation type, radiation dose, dose rae,relative biological effectiveness,

distribution of the energy, or the number of celigposed. The magnitude of radiation
damage also depends on the cellular radio-sehgitwhereby cells with a high rate of

proliferation or reduced degree of differentiatare more sensitive at a low dose of

radiation than the slow dividing or more differateid cells (Bolus, 2017; Packard, 1930)

In general, a cell exposed to IR can respond inabiilee following ways:

¢ The cell may remain unharmed if IR causes alteratibat generally occur in the cell

e The cell may revert to a healthy state if the dgena repaired by the cell

¢ Reproductive death of the cell may follow if theligtion-induced damage cannot
be fixed by the cell or is mis-repaired

e Finally, if a cell is damaged extensively at suebtel where it stops responding to

any other signal that controls cellular growthwill permanently die.

Time
Minor No early Effective Resumed cell cycle
DNA damage effects DNA repalr ’ progression
/ _—l
Cell survival
g Repairable — Perturbed cell cycle
g DNA damage progression \
@
3 DNA damage . Delayed apoptosls _, [ iermhage death
% Ireparable potentiation (homo-cycle)
—_—
= DNA damage Early n[iopwsls \
. Delayed apoptosis
Interphase death Cell division > (post-mitotic)
Necrosis ——> Early cell death $

| Reproductive death

Source: (Shinomiya, 2001)

Figure 2.6: Fate of irradiated cells. Schematic representatibithe relationship between
initial DNA damage and the fate of the cell conaegrecell cycle
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The outcomes of these manifestations depend ugomatiure of lesions, the capacity of
cells to repair the damage, physiological, nutngioand environmental state of the
cells. Since DNA is the prime target of radiatib?NA damage and repair, particularly
DSBs, may influence the different fates of a cellg. cell death, mutation and
transformation (Surova & Zhivotovsky, 2013). Thesnaccepted mechanism of action
of IR on mammalian cells is the production of metasig and clastogenic effects and
inhibition of mitosis (Brenner & Ward, 1992; Hageh994). Many cellular and

molecular determinants as well as mechanisms ttddymdly influence the cellular

radiation response have been identified over thieféav decades through experimental
studies. These include the induction and repddNA damage, cell cycle perturbation,

apoptosis, gene induction and signal transductioWdérd & Chen, 2004).

2.6.1 DNA Damage Response (DDR)

IR induced DNA damage may elicit responses in thenfof various biological
endpoints viz. cell cycle delay, apoptosis, lossregroductive potential, genomic
instability, mutation and neoplastic transformati@Murray et al. 1999, Huang,
Snyder, and Morgan 2003; Surova and Zhivotovsky32@uzuki et al. 2003). The
DDR signalling network works in this regards. limslispensable for maintaining the
genomic integrity, acting via the initiation and ocdination of DNA repair
mechanisms with the activation of appropriate cgtile checkpoints. Within minutes
of damage induction, the histone variant H2A-X gphorylated at Ser139 at sites
of DNA damage by ATM or autophosphorylation. Thegscal chromatin
modifications provoke the further recruitment of naultitude of DNA-damage

response proteins, including MDC1, NBS1, RAD50, MRE53BP1, and BRCAL,
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which amplify chromatin modifications over distaraanging in megabases of DNA
leading to the generation of microscopic structucedled DNA damage foci
(Abraham, 2001; Bian, Meng, Zhang, & Li, 2019; Stams & Riaz, 2018; Willers,
Dahm-Daphi, & Powell, 2004). The mammalian cellteyss possess several repair
systems to cope up with various types of DNA damagd maintain genomic
integrity. These are Homologous Recombination Re(@4iRR), NHEJ, Nucleotide
Excision Repair (NER), Base excision repair (BERY is-match repair (MMR).
Out of these, the NHEJ and HR pathways are invoimethe restoration of DNA
DSBs. The choice between these two mechanismstesndeed by the chemical
complexity of the breaks, conformational statehaf thromatin, position of the cell in

cell cycle and fidelity of repair required (Bhattacya et al., 2017; Friedberg, 2003).

The Human DNA Damage Response:
A Protein Kinase Cascade

DSBs DSBs, replication block

l \ RPA-ssDNA
Sensors

PIKKs YH2 "‘X ATV.I MRN  ATR-ATRIP + Rad17-911

Mdc] \\TO])BPI
Mediators Breal l >-< Claspin
53BPI ¥ Breal

"\.

CHKs Chk2 Chkl
Effectors p33, Brcal, Nbsl, Cdc25s, RPA + 100s of Substrates

R ALEEE
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Figure2.7. The DNA damage response pathway
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2.6.2 Induction of Cytogenetic damage (Micronuclei formation)

After exposure of cells to a DNA damaging agenhsas high or low LET radiation,
fragmented chromosomal material lacking spindlachtinent organelles (kinetochores,
centromeres), called "acentric fragments" (AF)ymat be appropriately segregated
into daughter cells during cell division and formadl extranuclear bodies within the
cytoplasm. Such cytoplasmic bodies called "micrégiidMN) can appear in the
cytoplasm of the irradiated cell or maybe randosdgregated into either or both of the
daughter cells. Cell division is a prerequisite tioe appearance of MN, and the MN
frequency will be expected to increase after theoise and further post-irradiation
divisions as more and more aberration-bearing pels through mitosis (Mdiller et al.,
1996; Streffer, Mller, & Wuttke, 1994). The ocamce of MN indicates that the cells
may suffer from loss of reproductive ability duethe loss of genetic material and in
most cases, is doomed to die. This has been estatilifrom studies carried out to
relate micronuclei frequencies and cell survivaliddhder & Révész, 1980; Vral,

Fenech, & Thierens, 2011).

Ionjzing Radiation

My dW
Double strand breaks Formation of MN Micronuclei

Source: Kanagaraj et al., 2017
Figure 2.8: Diagrammatic representation of micronuclei formatifter chromosomal damage
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2.6.3 Cell death

Cell death can be the ultimate result of cellulad &ssue radiation injury. Radiation-
induced cell death can occur through several disgpathways depending upon the
time course and cell-cycle position. That apoptogd death plays a crucial role in
almost every mode of cell death (Surova & Zhivokgy2013). IR-induced cellular
death has been mainly categorized into two grob@sed on the timing of cell death
after irradiationjnterphase deathandreproductive or mitotic deatinterphase death
is defined as an irreversible breakdown of celliucture and metabolism before
undergoing the first mitotic division after irratl@n. In contrast, reproductive or
mitotic death occurs during one or even severaisidins after the radiation. It is
defined as a failure to undergo further cell dmsidespite metabolic survival
(Shinohara & Nakano, 1993). Both types of cell Hemtn be manifested as apoptosis
or necrosis. Interphase death is characterizedykygsis, cell shrinkage and inter-
nucleosomal DNA fragmentation, all of which arelimarks of apoptotic cell death
(Saraste & Pulkki, 2000). On the other hand, repctide or mitotic cell death is
characterized by the loss of clonogenic cell saviand this mode of cell death is

usually evaluated by colony-forming assay (Mérglet2017).

Radiation hazards can vary from acute mortalitghmnic pathologies. The dose and
time of radiation exposure decide the severityaume of the health effect. The health

effects of radiation exposure can be divided mio tategoriesacute and late effects.
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Figure 2.9: Different modes of cell death induced by IR

2.7 Acute Radiation Syndrome

When any subject is exposed to a high dose oftradian a small period and shows

symptoms like nausea, vomiting, headache and dearhwithin few hours to few days

and can sometimes result in mortality within fewslar weeks.

exposure, early symptoms develop which last famadd time; this is generally referred

Shortly after radiation

as the prodromal radiation syndrome and popularpwh as “Acute Radiation

Syndrome” (ARS) or “Radiation Sickness”. The minimtadiation dose to cause ARS is
not below than 0.75 to 1 Gy delivered in a few rtesuThe rate of radiation exposure is

also very crucial besides the dose of radiatiorosue (Lopez & Martin, 2011). Large

radiation dose in a small time scale can be momnfoband da

treatment offered in a long period (hours to dags)arge amount of radiation can be

delivered to individuals in very less time durationly in the scenarios like a nuclear
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bomb explosion or nuclear reactor accident, casaaflling of radioactive material or
breaching of a highly radioactive source. Therefthie Acute Radiation Syndrome is
rare and can occur only in such unusual eventsenttigh radiation dose exposure occurs
in a short time (Macia i Garau, Lucas Calduch, &&A 2011). The four factors which

are responsible for ARS are:

1. It can occur only at high radiation dose (> 0.75t6\l Gy), which also depends
on age, gender, health condition and individuatiation sensitivity.

2. The individual has received the radiation dose small-time, generally within
minutes.

3. The radiation had a high penetrating ability andcheed internal organs. The
absorbed dose should be > 0.75 Gy to 1 Gy.

4. Whole-body exposure, the person’s entire body ostnod it should receive the

dose.

Acute whole-body exposure to dose >4.5Gy may resutstatistical probability that
50% of the exposed population will die within 60yslavithout medical intervention

(Waselenko et al., 2004).

Since it was discussed earlier that fast-dividieiscare most sensitive to radiation and
may die after nearly 1Gy ionizing radiation expestthe highly radio-sensitive organs
include the hematopoietic, gastrointestinal (&i,sspermatogenic, and vascular systems
while the less sensitive is the nervous systeml,(laic J. Giaccia, 2006). This also
conveyed that a growing embryo is utmost sensitive radiation exposure in

thefirst trimester than in later trimesters. The ARS furtilassified in different categories.
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2.7.1 Hematopoietic syndrome (H-ARYS)

The blood circulating leukocytes (white blood celésd its stem cells, which are
actively dividing in the bone marrow to supply neweukocytes, are most radiation-
sensitive cells and tissues of the human body.flitheyndrome will typically occur
at a dose between 0.7 to 10 Gy though mild symptog arise as low as 0.3 Gy. A
sudden fall of lymphocytes in blood has been oleskrafter 24 hr of radiation
exposure, in individuals. The radiation-inducedsla¥ haematopoietic cells and
tissues is known as haematopoietic syndrome (Ri@)2The acute exposure of a high
dose of ionizing radiation exerts both direct andiriect effect of radiation, causing

haematopoietic cell death (Leibowitz et al., 2014).
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Figure 2.10: Radiation-induced Hematopoietic syndrome, showrchgnges in peripheral
blood indices following exposure to an intermedddse of whole-body irradiation.
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The symptoms of radiation sickness that develoer atute whole-body irradiation
(WBI) are majorly due to the expression of hemaisipo syndrome. The prime cause
of H-ARS induced death is radiation-induced desioacof the bone marrow, causing
microbial infection (sepsis) and haemorrhage. Hwesty of H-ARS increases with an
increase in radiation absorbed dose; thereforestthaval ratio of patients with H-ARS

reduces with increasing dose. The therapeutic duoee includes bone marrow
transplantation and supplementation with cytokilles GM-CSF, G-CSF, and stem
cell factors help in recovering the proliferatingtgntial of bone marrow. The recovery
takes place only when the radiation dose (<6Ggpigoo high, which can otherwise be
lethal. Acute bone marrow toxicity can be measureyl granulocytopenia,

thrombocytopenia, and, also, anaemia. Howeverpiperal blood cell counts often fail
to demonstrate the actual level of damage to thematmpoietic stem cells or

microenvironment and do not reflect the reservexciy of the bone marrow.

All hematopoietic cells are differentially sensitito ionizing radiation with the likelihood
of stem-cells being most vulnerable, followed bynphocytes and then other cells
(Fig;2.10). This syndrome is identified by a subséh drop in lymphocyte and platelet
count, and this depletion could be attributed ®rtiitotic catastrophe of the proliferating
stem cells. The loss of cells from peripheral bl@odot replenished by the bone marrow,
which results in significantly low peripheral blomdunt leads the body into trouble.
Mature granulocytes have a life span of one d&ygtbre, a radiation-induced decrease in
the supply of granulocytes (Hypoplasia/ Leukopegnéaiulocytopenia) occurs primarily
followed by a reduction in platelets. Leukopeniantcwues till day 12, then further
development of hematopoietic syndrome depends emtmber of bone marrow cell
survived the radiation insult. After day 12, thencentration of granulocytes reaches a

plateau (~100QL). It is considered a favourable prognostic sipat tstill sufficient
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numbers of stem cells are present that can redertavae marrow and peripheral blood
cells. But if the count of granulocytes falls fumttbeyond 100QL, there is a high risk of
fatal consequences of leukopenia and thrombopddug, 2017). In such cases,
therapeutic options like stem cell transfusion aydokine therapy are given. In
experimental studies, after an acute dose of 8.th&gnimals (rodents) die of septicemia
caused by severe leucopenia and diffuse inters$tammorrhage and death takes place at
the time of nadir of granulocyte depletion whichgenerally at the 3rd-week post-
irradiation (Goans et al. 2001; Hall, Eric J. Giac2006). Infection is a significant cause
of death; however, that can be improved by thenmention of antibiotics, cytokines and
growth factors (Chao, 2007; Hérodin & Drouet, 20@5)mans recover much slowly from
H-ARS, death are on the peak at around 30 days@mithued till day 60; however, in
case of mice, most of the mortality occurs withintd 15 days followed by total death by

day 30 after radiation exposure (Hall, Eric J. Giac2006).

2.7.2 Gagtrointestinal (Gl) syndrome (GI-ARYS)

The actively dividing cells of crypts of the gasttestinal wall are also very

susceptible to ionizing radiation exposure. Thawfdhe proliferating cells of the

intestinal crypts are majorly affected, and theralldength of intestinal villi shortens

(Fig;2.11). The full GI syndrome will occur at 10y Gbsorbed dose even though
some symptoms may arise at as low as 6 Gy. Thevaliof persons suffering from

Gl Syndrome is highly unlikely, and death typicalbccurs within two weeks.

Radiation-induced damage at such a high dosetisatrand irreparable in both the
Gl tract and bone marrow, causing dehydration,telgte imbalance and infection

(Dubois & Walker, 1989; Leibowitz et al., 2014)n8e the mucosal lining is severely

damaged, there is a high risk of disease from dppstic microorganisms. The

40



Chapter 2

treatment includes the administration of antibmtifiuids and electrolyte (Booth,

Tudor, Tudor, Katz, & MacVittie, 2012; Chao, 2007).

Radiation causes a highly toxic effect on cellssiouctures in the Gl tract leading to
inflammation and loss of physiological functionsuied in symptoms like vomiting and
poor digestion. Intestine harbours stem cells atodise of the crypt which maintains the
population of intestinal cells, being regularlytlrem the villi tip (Fig; 2.11). Irradiation

with a dose of 8 Gy (in mice and nearly 4.5 Gy uman) or more causes stem cell
apoptosis leading to short supply of cells requieanaintain mucosal lining and villi

regeneration. Thus formed mucosal lesions leadhdobteakdown of the Gl mucosal
barrier, fluid & electrolytes imbalance, impairebsarptive function, GI haemorrhage,
bacterial infection, inflammation and septic shamigan failure, and ultimately death by

Gl syndrome (Booth et al., 2012; Dubois & Walk&89).
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Figure 2.11: Radiation-induced gastrointestinal syndrome, diagnatic representation of
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2.7.3 Central Nervous System (CNS) Syndrome/ Cardiovascular (CV) Syndrome

The CNS/CV syndrome will typically appear at a dbggher than 50 Gy while some
symptoms of CNS/CV syndrome may seem at a low @ss@0 Gy. Mortality is
observed within 2-3 days due to CNS/CV syndromgeérnsons exposed to such a
higher dose. In such cases, death occurs duelapselof the circulatory system and
enhanced pressure in the cranial vault as tharrifiaid content triggered by edema,
meningitis, and vasculitis. Symptoms include lo§c@ordination, jumbling, coma,

seizures, shock, along with the symptoms of boneansand GI syndromes.

2.7.4 Cutaneous Radiation Syndrome (CRS)

The radiation exposure to skin results in skin dgnand complex pathological

syndrome, which is known as Cutaneous Radiatiomi®yme (CRS) and now in recent
years considered as ARS. The first symptom whigears in a few hours of irradiation

is transient and irregular erythema with itchingirtRer, the radiation-induced skin

damage reaches to the basal cell layer resultsiflamimation, redness, and skin
exfoliations, also, damaged hair follicles causssIbss. During the latent phase of CRS,
intense redness, scorching, and ulceration atrhdiated site which last from few days
up to several weeks. In the majority of the cadeSRS, the remedy is by regeneration;
however, high doses of radiation cause permaneint Ibss, impaired sweat and

sebaceous glands, fibrosis, altered skin colouratnd ulceration of the exposed site

(Darr, Baier, & Meineke, 2013; Peter, Steinert, &tt®ber, 2001).
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Acute Radiation Syndrome is manifested in 4 stages:

e Prodromal stage (N-V-D stage): The early symptoms appear including nausea,
vomiting, and diarrhoea, which arises from minutesdays after exposure,
depending upon the dose of radiation. The symptming sustain (intermittently)

for minutes up to several days.

e Latent stage: The patients in this stage looks healthy and nofforah few hours

to a few weeks.

e Manifest illness stage: reflects the clinical symptoms related to radiatinjury

and can end from hours to several months.

e Recovery or death: The recovery phase takes several weeks to twes.ydhe

patients who failed to recover from ARS will dietian a few months.

Table2.1: Summary of dose-response relationship during riadigxposure

Effect Dose (Gy)
Blood count changes 0.5
Vomiting (threshold) 1
Mortality (threshold) 1.5
LDsored* (with minimal supportive care) 3.2-3.6
LDsose0 (With supportive medical treatment) 48-54
100% mortality (with best available treatment) 8

Adapted from NCRP Report No. 98 "Guidance on RahaReceived in Space Activities, NCRP,
Bethesda, MD (1989)

2.8 Late Effects of Radiation

Long-term effects of radiation generally appeaeradieveral years of initial exposure.

The latent period is considerably more extendedah tthet of the acute radiation
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syndrome. Radiation-induced delayed effects corapm@cer and other health effects

like fibrosis, cataracts, benign tumours, and gersdtanges.

2.8.1 Radiation-induced Car cinogenesis

If the radiation-induced damage to cells is notareg@ correctly, it may inhibit the

cell from survival or reproduction or incur mutatio Radiation can produce
carcinogenic changes by the following mechanism3: ifduction of variations,

including modifications in single gene or chromoson{2) alterations in gene
expression, without mutations; Studies have showmat t radiation-induced

carcinogenesis is a multiple-step process in whiealthy cells acquire cancer cells
characteristic of cellular immortality and tumongety. Development of radiation-

induced carcinogenesis is a stochastic multifagtoprocess involving many

signalling pathways, and none of them attributed the process of cancer
development. The short latency period is 5-7 yéarseukaemia, and solid tumours

latency period may extend up to 30-40 years.

2.9 Radiation Counter measures

In the present world, the increasing acts of temmordeadly nuclear accidents at nuclear
power plants or atomic machinery, and expandingotisadiation in medical fields poses
a severe threat from radiation. Hence, there ise ¢o0 develop potential countermeasures

and interventions to encounter the lethal consempgeof ionizing radiation.

Generally, the chemical or biological agents witizto modify the normal tissue
toxicity following radiation can be classified intioree categories depending upon the

time of delivery concerning irradiation (Citrin &, 2010):
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e Radio-protectors are given before or at the time of irradiation geevent or
minimize radiation damage. Multiple events takecplafter exposure that could
be normalized, or the body may be prepared to atteédupcoming radiation
insults by the intervention radio-protectors.

e Mitigators: are given at the time of radiation or after thradiation, but before the

manifestation of injury.

e Therapeuticsare the agents delivered after the developmeradiation injury.
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Source:(Citrin et al., 2010).

Figure 2.12: Series of events after radiation exposure and tmeidification by various

damage modifying agents

2.9.1 Radio-protectors

Radio-protective agents may be any synthetic comgoor natural extracts that
reduce injuries caused by IR and must be takenrdefoat the time of irradiation for

greater efficiency. The two major goals of devehgpiadio-protectors are as follows:
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To overcome the detrimental effects on healthyuéss organs uncovered to
radiation during radiotherapy
To protect individuals from the acute effects ofatobody irradiation during

nuclear accidents or occupational workers workinguclear industries

Radio-protectors can act in the following ways: dreadical scavenging, up-

regulation of the antioxidant defence system, hgdm atom donation, metal

chelation, repair stimulation, induction of hypaoxraodulation of signal transduction

pathways involved in damage induction or they cdaddanti-inflammatory agents or

growth factors (C. K. Nair et al., 2001).

An

ideal radio-protective agent should justify tfwlowing criteria (Citrin et al.,

2010; C. K. Nair et al., 2001):

Vi.

Vii.

viii.

It should be specific for healthy tissues, shoudtl protect tumour tissue when
used during radiotherapy.

Must provide a broad spectrum of protection, peotect multiple organs

It should have a rapid mode of action

Route of administration must be acceptable (firsal,0 or otherwise
intramuscular)

It should not have self-toxicity and must have atable protective time-
window.

It must be stable within the system

It must be compatible with other drugs administetedthe patient (during
cancer therapy)

It should be safe if given at repeated doses

It should be cost-effective and readily available
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To develop an effective radio-protector, and furtlerapolation to humans, it must be
tested for protection to different species likeemts, canines and non-human primates.

The routes of administration also obviously afteetmechanism of action and its toxicity.

Almost 70 years have passed since the radio-pnateeffects of cysteine, a sulfur-
containing amino acid, against X- rays were fimindnstrated by Patt and his co-workers
in 1949 (Patt, Tyree, Straube, & Smith, 1949). &itien, several natural and chemical
compounds, including analogues of cysteine and ap&ethanolamine, have been
screened for their radio-protective potential; hesvetheir toxicity at optimum protective
doses precluded their clinical use. Unfortunattilgre is no radio-protector available to
date that fulfils all of the abovementioned craehe development of Amifostine (WR-
2721 or ethiofos; one of the 4000 compounds o¥¥fieseries) at the Walter Reed Army
Institute of Research, during the anti-radiatiorudoDevelopment Program of the US
Army in 1959, marked the arrival of the prototyjaelio-protective drug. Though it has
been approved by the Food and Drug Administrafid@w) for clinical use, the US army
has not approved it for use in military settinggsiit produced undesirable side effects,
has poor bioavailability via the oral route and ibitk a narrow therapeutic window
(Capizzi & Oster, 1995). Since then, numerous camgs from both synthetic and
biological source have been tested for radioprioteajlobally in the last few decades
(Table 2.2). Combined modalities have also bedrdesith some degree of success; for
instance, prophylactic administration of phosphuoattes, with post-irradiation
administration of immunomodulators has been regddesynergistically reduce radiation

damage (Ruth Neta, 1988b).
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Table 2.2: Different classes of radio-protectors

Sulphur containing compounds N-acetylcysteine, glutathione, Thiourea,

(Aminothiols) Amifostine

DNA binding ligands Hoechst, ellagic acid, WR- 1065

Calcium antagonist Dilitiazam

Immunomodulators or anti- inflammatory

5-AED, misoprostol, prostaglandins

agents

ACE inhibitors Captopril, penicillamine

Source: (Coleman et al., 2003; C. K. Nair et al., 2001rafala & Tavares, 1998)
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Figure 2.13: Current status of radiation countermeasures fapolagical and nuclear threats.
Colour coding: red -acute and late-appearing iagjriight pink- medical countermeasure
(MCM) under FDA investigation (IND status); babjué - new countermeasures under
development without IND status; burnt orange- FDppraved drugs for internalising
radionuclides; light green- FDA approved drugsA®S within nation. IND : investigational
new drug, SNS : strategic national stockpile.
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2.9.2 Cytokinesin radioprotection

The cytokine system is a complex network with calgsbetween different pathways.
A fascinating feature of this system is the reducin the number of effectors from
extracellular ligand binding to the localizationnncleus till transcription activation.
At least around 100 different types of cytokines gmowth factors are known, but
limited receptors and surprisingly only fewer sijng molecules. Nearly 50
cytokines such as interleukins, interferons, andwin factors signals via
hematopoietic growth factor receptor family, ingtelar Janus kinases (Jak) and
Seven Signal Transducer and Activators of Tran8onp(STAT) (Dorthe Schaue,
Evelyn L. Kachikwu, 2012). This fact endures greanificance for therapeutic
inventions. The most extensively studied radio-getive cytokines are Interleukin-1
(IL-1), tumour necrosis factor-alpha (T granulocyte-colony stimulating factor
(G-CSF), and granulocyte macrophage-CSF (GM- CR&lechman, Zuloff, Albeck,
Strassmann, & Sredni, 1995). IL-1 and IL-6, are Wwnoto control cellular
proliferation and differentiation. Earlier, Neta at showed the possible role of
cytokines in radiation modulation (Ruth Neta, 1988aater, one more study from
Neta et al. showed that injection of anti-IL-6 &otly to irradiated animals sensitized
them to lethal irradiation and discussed the imtgva of IL-6, IL-1 and TNF, and
does not show any effects when given alone to niiReNeta, Perlstein, Vogel,
Ledney, & Abrams, 1992). However, a different stughowed that subcutaneous
injection of IL-6, 3—6 days after irradiation coudkert radio-protective properties
following sub lethal gamma irradiation (Patcheralet 1991). There were some other
studies as well, but none could clearly dissectrthe of IL-6 in radioprotection and

the underlying mechanism. Knowledge gained fronvipres studies of IL-6 mediated
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radioprotection and its role in resistance to thes we aimed to test its radio-

protective potential in normal scenaimvitro andin-vivo.

2.9.3 Interleukin-6 (I1L-6)

IL-6 is a glycosylated polypeptide of nearly 25 kRkepending on the glycosylation
and the species. It has a characteristic struatace up of four long-helices arranged
in an up—up—down—down topology (Scheller, Chale#Bishmidt-Arras, & Rose-John,
2011). The primary structures of human and muriré tonsist of 184 and 187 amino
acids, respectively, and shares 42% amino acicesegusimilarity. IL-6 belongs to the
class of hematopoietins; it has a characteristicgire made up of four longhelices
arranged in an up-up—down—down topology. It wast fitiscovered as a B cell
differentiation factor (BSF-2) which induces thetaration of B cells into antibody-

producing cells (Simpson, Hammacher, Smith, Hewgy&d, 1997).

Figure 2.14: Helical structure of murine interleukin-6 made afp4 alpha-helix, arranged in
up-up-down-down topology.

Although human IL-6 (hIL-6) and mouse IL-6 (mIL-8hares 42% sequence identity,

hIL-6 is active in both human and murine cells; koer, mIL-6 is only keen on

51



Chapter 2

murine cell lines (Hammacher,’ et al., 1994). Itascritical cytokine in immune
regulation, plays a vital role in the maintenandehepatocytes, haematopoietic
progenitor cells, the skeleton, the placenta, treliovascular system, the endocrine
and nervous systems. In the murine haematopoigtiters, IL-6 induces the
expansion of progenitor cells by stimulating céttsm the resting stage to enter the
G1 phase (Mihara, Hashizume, Yoshida, Suzuki, &nahi2012). IL-6 also supports
various physiological functions by acting as a hepge stimulatory factor and by
inducing the acute-phase protein synthesis. Iise &nown to stimulate osteoclast
formation, cause bone resorption and is responsiblaeural differentiation (Hirano
et al., 1985). IL-6 supports the survival of cheligic neurons, induces
adrenocorticotropic hormone synthesis, and, inplagenta, causes the secretion of
chorionic gonadotropin from trophoblasts (Miharaaét 2012). IL-6 also plays a
crucial role in metabolism. For example, in theeatz® of IL-6, mice develop glucose
intolerance and insulin resistance, while IL-6—/-icen exhibit signs of liver

inflammation (Kishimoto, Akira, Narazaki, & Taga9945).

2.9.3.11L6 expression and secretion

The common characteristic of many of the stimuditthctivate IL-6 is that they are
associated with tissue damage or stress (e.gzihgniadiation, UV, reactive oxygen
species, viruses, microbial products and otherimitammatory cytokines). IL-6
production is predominantly regulated by changethégene expression of various
transcription factors like NF-kB, CCAAT/enhancendling protein a (C/EBPa) and
AP-1 (Activator Protein 1), the primary transcrgstal regulator; although post-

transcriptional mechanisms have also been idedtiffkira & Kishimoto+, 1992).
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Regulation of IL-6 expression by these transcriptifactors leads to the

overexpression of this cytokine during inflammation

The normal blood circulating level of IL-6 is ngad pg/ml, but its increased levels
are found in several conditions like acute hypergigia, after a high-fat meal,
physical activity, and during/after surgery (Natkettal., 2008). Inconsistent levels of
IL-6 have also been observed during pregnancy widdian values of 129 pg/ml
registered at delivery, decreasing to 58 pg/ml imiiately afterwards (Keski-Nisula,
Hirvonen, Roponen, Heinonen, & Pekkanen, 2004).ddwer, during sepsis, IL-6

levels may increase to very high in serum.

There are many physiological factors like diet,reds, and stress which regulate the
secretion of IL-6. It has been reported that eserds an important stimulus for
increased gene expression and production of ILgkéletal muscle, and the majority
of circulating IL-6 during exercise originates frazontracting muscle, which can go
as high as 100-fold of normal physiological levéWlufioz-Canoves, Scheele,
Pedersen, & Serrano, 2013). IL-6 produced in theking muscle during physical
activity act as an energy sensor that activates Alutivated kinase and enhances
glucose uptake and metabolism, lipolysis and fadaiion (Reihmane & Dela, 2014).
IL-6 is also known to sensitize myotubes to inswaimd enhances glucose uptake in
muscles for high glycogen synthesis. Moreover réaiced level of muscle glycogen
also augments IL-6 production and secretion fronsataucells (Mufioz-Canoves et
al., 2013). In addition, to exercise, the exprassibIL-6 increases in skeletal muscles
under other conditions as well such as denervaifomuscle and muscle dystrophy

are other conditions, where up-regulated expressfomuscle IL-6 has been noted
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(Steensberg et al., 2001). The adipose tissue pesdanearly 30% of circulating
systemic IL-6, where it is closely associated vabiesity, impaired glucose tolerance
and insulin resistance (Bastard et al., 2002).nrdal_-6 concentration is a predictor
of the development of type 2 diabetes, and pergitaministration of IL-6 results in
insulin resistance in rodents and humans by caudiygerlipidemia, and
hyperglycemia (Bastard et al., 2002). Besides nausells, the cells of the immune
system, e.g., macrophages, mast cells, dendrilig, & cells, CD4 effector T helper
(Th) cells are major sources of IL-6 production rf@ka, Narazaki, & Kishimoto,
2014) (Fig; 2.15). In addition, IL-6 is also seewktby a variety of non-leukocytes
cells such as fibroblasts, endothelial cells, egigh cells, astrocytes and several
malignant cells. During an inflammatory responde6lis highly expressed, and
circulating levels of this cytokine can rise draiaty from pg/ml range to several
ug/ml in certain extreme cases (Tanaka, NarazakKighimoto, 2016). Enhanced
levels of IL-6 have been found in many cancersh\ait inverse relationship between
IL- 6 level and response to chemotherapy and hoemberapy (Nolen et al., 2008).
Further, the expression of IL-6 is known to be tetrd epigenetically in breast
cancer, hepatocellular carcinoma, colon cancerstate cancer and lung cancer
through miRNAs (Lin28 and Let-7)(lliopoulos, Hirsc& Struhl, 2009). Moreover,
IL-6 expression has been found to be higher inrgloeirrent tumours as compared to
the primary tumours, as well as in the recurrentastatic lesion as compared to the
primary metastasis (Guo, Xu, Lu, Duan, & Zhang,20The primary sources of IL-6
in the tumour microenvironment are tumour cellsvesl as tumour associated
macrophages (TAMs), CD4T cells, myeloid-derived suppressor cells MDSCd an

fibroblasts. Basically, tumour cells produce IL-&r fpromoting their survival and
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progression and do not depend on the paracrin@aselef IL-6 by stromal cells.
However, both autocrine and paracrine mechanismg-6fare known to influence
tumour progression and metastasis through IL-6steagnalling (Kumari et al.,

2016).
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Figure 2.15: Major sources of IL-6 production and its targdice

2.9.3.2 IL-6 Signalling
The secretion and availability of IL-6 are ubiquip and it can bind to various types of
cells in different tissues. IL-6 binding on diffatecell types may differ and result in two

different types of IL-6-dependent cell signallingig;2.16). IL-6 binds to the IL-6
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receptor (IL-6R) on the plasma membrane, and tlsaltest IL-6/IL-6R complex
associates with gp130 and causes gpl130 homodit@niza form an activated IL-6
receptor complex, which is a hexameric structuresisting of two molecules each of IL-
6, IL-6R and gp130. IL-6 triggers signal transductivia two forms of IL-6R: one a
transmembrane 80-kDa receptor with a short cytoptadomain (mblIL-6R, also known
as IL-6Ry, gp80or CD126) and the other a small, extrace|lskcretory soluble receptor
(sIL-6R) (Jones, Scheller, & Rose-John, 2011). sita$ IL-6 signalling, which is the
predominant form of IL-6 signalling, requires meantm-bound IL-6R (mbIL-6R) and is
restricted to hepatocytes, some epithelial celts @rtain leukocytes (Fig;2.16). IL-6R
contains a very short cytosolic domain that lacke tnajor potential motifs for
transduction of intracellular cell signalling. Hoves, gp130 (also known as IL-BRor
CD130) in the same hexameric complex is rich irtredbe potential motifs required for
intracellular signallings, such as SHP-2 domain aXQ motif for JAK/STAT
signalling. Upon binding with IL-6/IL-6R, the dimeation of gpl30 leads to the
activation of associated cytoplasmic tyrosine laisasesulting in the phosphorylation of
various transcription factors (Hirano et al., 198f)130 is expressed in almost all organs,
including the brain, heart, lung, liver, kidneylesm and placenta, where it plays an
indispensable role in their development, cell salyigrowth and tissue homeostasis
(Chalaris, Garbers, Rabe, Rose-John, & Scheller1)2@p130 is a common signal-
transducing receptor and is also used by other reena the IL-6 family cytokines, such
as IL-11, IL-12, IL-27, leukaemia inhibitory factooncostatin M, etc. Although the
expression of transmembrane IL-6R is limited to tmpatocytes and subsets of
leukocytes, gpl30 is expressed ubiquitously. Thezefthe IL-6/sIL-6R complex can
transduce the IL-6 signal in various cells, whichndht express transmembrane IL-6R but

express gpl30, through a trans-signalling mecharsiy6R is generated by alternative
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splicing of IL-6R mRNA or by limited proteolysis ahbIL-6R by Zn dependent
metalloproteinase (ADAM10 and ADAML17, a disintegaind metalloproteinases 10 and
17 (Fig;2.16). sIL-6R is devoid of the cytoplasrai transmembrane domains and binds
to IL-6 with comparable affinity as the membranexd form, thereby mediating gp130
activation in an autocrine or paracrine manner éfi@het al., 2011). Consequently, by
binding to sIL-6R, IL-6 increases its reach to @eavvariety of cells. There is enough
evidence to suggest that neural cell, neural stelis, laematopoietic stem cells, liver

progenitor cells and embryonic stem cells depenrsllo®R in their response to IL-6.

Classical signalling Trans signalling

(In cells expressing IL-6Ra) (In all cells expressing gp130)

IL-6Ra(gp80)
gp130 (IL-6RP)

Anti-inflammatory

¥ Pro-inflammatory cytokines Pro-inflammatory

(TNF-a, IL-1B) A Pro-infl ammatory cytokines (TNF-a, IL-1()
A Anti-inflammatory molecules: Chronic inflammation

IRAP, TNFsR

Sepsis, Cancer and other Inflammatory diseases
Proliferation & Regeneration

Figure 2.16: Classical and trans-signalling of IL-6. In classisignalling, IL-6 binds to the
membrane-bound receptor mbIL-@Rwhich then forms a complex with the ubiquitously
present cell receptor gp130 (IL-BR Trans signalling can occur in any cell expregsip130.

2.9.3.3 Pleiotropicroleof IL-6
Cytokines are important soluble factors that reagulaellular and systemic

communication during inflammatory and immune resgsn Different cytokines play a
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different role in the onset and resolution of inflaation. However, the ubiquitous and
functionally diverse cytokine, IL-6 is a pleiotrapicytokine with pro- and anti-
infammatory properties (Fig;2.16). It is an im@mt cytokine regulating acute-phase
response of inflammation. During inflammatory resg® TNF induces the expression
of IL-6 together with other inflammatory alarm ckies like IL-13, which are involved

in the elicitation of acute-phase inflammatory tesrs/response (Fig;2.16) (Tanaka et al.,
2014). Further, the IL-6 controls the level of a&cuhflammatory responses by
downregulating the expression of pro-inflammatoyyokines and up-regulating anti-
inflammatory molecules including IL-1 receptor ayaaist protein (IRAP), TNF soluble
receptor (TNFsR), and extra-hepatic protease iangiFig; 2.16). IL-6 has also been
found to counter inflammation by inhibiting ThiFFelease in experimental endotoxemia
(Schulte, Bernhagen, & Bucala, 2013). Moreover6 lis-involved in the development of
specific cellular and humoral immune responsesiuding B cell differentiation,
immunoglobulin secretion and T cell activation (Babet al., 2017)This pleiotropic

nature of IL-6 maintains the host homeostasis.

In chronic inflammatory diseases, like collagentioeld arthritis (similar to
rheumatoid arthritis), experimental autoimmune ehedéomyelitis in rodents, and
murine colitis, IL-6 acts as a pro-inflammatory ewlle while, in acute
inflammation, it exhibits an anti-inflammatory pilef (Gabay, 2006). During the
switch between pro- and anti-inflammatory roles,-6lLsignal transduction is
controlled by SOCSS3 (the suppressor of cytokinealgg) (Croker et al., 2003).
TNFao and IL-13 negatively regulate IL-6 signalling at differeet/éls, by enhancing
the IL-6 induced expression of the SOCS3 (feedlialsibitor) and/or targeting IL-6

induced gene expression via its action on targee ggomoters (Bode et al., 1999).
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IL-1B also counteracts IL-6 mediated STAT-3 activatiodeipendent of SOCS3
expression (Ahmed, Mayer, Ji, & Ivashkiv, 2002).1 is the major regulator of pro
and anti-inflammatory nature of IL-6; on the onentha it reduces the pro-
inflammatory activity of IL-6 that results in thenhibition of overshooting

immunological reactivity, like in inflammatory bowaisease or autoimmune arthritis.
On the other hand, it delays the anti-inflammatffects of IL-6 to reinforce the pro-

inflammatory processes in the initial phase ofanfination (Radtke et al., 2010).

Emerging evidence suggest that IL-6 plays key rateacute as well as transition
(resolution) phase of inflammation (Xing et al.,98). Recruitment of neutrophils
activates IL-6 trans-signalling in local tissuediieth suppresses neutrophil attracting
chemokines and simultaneously enhances monocysetaty chemokines, causing a
switch from neutrophil to monocyte recruitment (kKayski, Marin, Montero-Julian,
Mantovani, & Farnarier, 2003). Besides recruitihg tmonocytes for the clearance of
neutrophil, IL-6 also induces apoptosis in neutigplsupporting the notion that IL-6
controls acute inflammation (Romano et al., 19%Arther, IL-6 trans-signalling
recruits the T cells at the site of inflammationthbggering the expression of T-cell
attracting chemokines (CCL4, CCL5, CCL17, and CXQLIMcLoughlin et al.,
2005). Moreover, IL-6 also rescue T cells from ente apoptosis by STAT-3-
dependent upregulation of anti-apoptotic regulatBd-2, Bcl-xL) and modulation of

Fas surface expression (Curnow et al., 2004).

Further, IL-6 regulates the differentiation of rgted T cells towards TH2 by inducing
the expression of IL-4. Thus, IL-6 regulates sorhéhe key steps in controlling the

inflammation and sets the anti-inflammatory envinemt by promoting TH2 response
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(Krishnamoorthy, oriss, Paglia, Ray, & Ray, 20@llectively, these evidence suggest
that endogenous IL-6 play the vital anti-inflamnmgteole in both local and systemic
acute inflammatory responses by controlling theellef pro-inflammatory cytokines,
mainly. Interestingly, these anti-inflammatory idties lead by IL-6 cannot be
recompensed by IL-10 or other members of the Ijt6lkine family. The trans-signalling
of IL-6 regulates mainly the pro-inflammatory respe; however, IL-6 classical
signalling imparts its anti-inflammatory or regestere activity (Fig; 2.16) like inhibition
of apoptosis and regeneration of cells of the imaisepithelium and the initiation of the

hepatic acute phase response.

2.9.3.4 Cytoprotective nature of IL-6

Earlier, IL-6 was solely known as a pro-inflammatoytokine but now recognized as
a multifunctional cytokine, basically pleiotropican elicit both pro- and anti-
inflammatory reactions in a context-dependent manréere is innumerable
evidence which suggests that inflammatory signatsnfthe tumour cells and
surrounding microenvironment facilitate the tumarowth. Many cytokines are
alleged to play an important role in therapeutisigance and lead to tumour
progression, invasion, and angiogenesis. AmongthHess is known to contribute to

poor therapeutic gain, tumour relapse and aggredsimour growth. Tumour cells
express and produce IL-6 as a protective mechamigainst drug and radiation-
induced death. Therefore, like the link betweerceaand inflammation, a strong link
exists between IL-6 and cancer. Majority of thembtypes or hallmarks of cancer
which are influenced by IL-6 comprise of many bgitml capabilities that are
acquired during tumour development. Over-expressbriL-6 in many types of

tumours like colorectal cancer, prostate cancegadir cancer, ovarian carcinoma,

pancreatic cancer, lung cancer, renal cell carcimowrervical cancer, multiple
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myeloma and lymphomas established a strong linkvden IL-6 and cancer. IL-6
regulates nearly all hallmarks of cancer like intidim of apoptosis, promotion of
survival, proliferation, angiogenesis, invasivenessl metastasis and known to
regulate cancer cell metabolism. Therefore, inm@itL-6 signalling or minimizing
the level of IL-6, can be a potential therapeutiategy for those cancers, which are
characterized by pathological IL-6 overproducti@ancer cells evolve a variety of
cytoprotective approaches to limit or circumventl @eath programmes, mainly
apoptosis. Besides evading growth suppression lfiggaby loss of TP53 function,
tumours are also associated with an increase inetpgession of anti-apoptotic
regulators (Bcl-2, Bel-xL and Mcl-1) and survivagisals (1gf1/2) or down-regulated
pro-apoptotic factors (Bax, Bim and Puma)(Borhdrale 2014; Zhuang et al., 2007).
In tumours, IL-6regulates the process of apoptbgigactivating STAT-3 and NF-kB
signalling, which transactivates the expressiomahy anti-apoptotic proteins such as
Bcl-2, Bel-xL, Mcl-1 (Wei et al., 2001). BesidesighIL-6-induced Bcl-2 regulates
Bak interactions with mitofusins via inhibition @&ak dissociation from Mfn2 and
also inhibits the interaction of Bak with Mfn1. T9eetwo mitochondrial events are the
significant determinants of cell death pathways thgy prevent mitochondrial
fragmentation during apoptosis. Therefore, Bcl-pegys to be an essential mediator
of IL-6-induced cytoprotection (Waxman & Kollipu2009). Besides Bcl-2 and Bcl-
XL, IL-6 also supports tumour cell survival by imgitog the expression of survivin
through direct binding of STAT-3 to the survivinopnoter (Gritsko et al., 2006).
Collectively, it appears that IL-6 facilitates tuamrogrowth primarily by inhibiting

apoptosis and enhancing cell proliferation.

Interleukin-6 not only protects tumour cells buigcakhowed a similar impact on healthy

cells. The protective effects of IL-6 in infectiongre portrayed nearly three decades ago.
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Leaving behind some controversial interpretatiarchsas; it is still questionable whether
in sepsis IL-6 signifies an inflammatory marker aammoderator of immune defence
mechanism. Despite conflicting results, in neonataluse, IL-6 reduces TNF alpha
secretion and expression of TNF receptor in maeggh to salvage streptococcal
infection (Fisman & Tenenbaum, 2010). Moreover,gexmus administration of I1L-6
enhanced survival and inhibiting IL-6 signallingsared a high rate of mortality (Fisman
& Tenenbaum, 2010). IL-6 pre-injection protects the&ce severely infected with an
intracellular pathogen, Listeria monocytogenesa idose-dependent fashion and lessen
bacterial colonies in the liver and spleen. IL-& fa significant role in priming the

immune response against infection (Liu, Simpsogh&ers, 1992).

The second physiological aspect of IL-6 is thdtiitctions likemyokine (Fig; 2.17).
IL-6 signalling is found to be linked with sevetsnefits like improved blood flow,
reduced chronic inflammation, increased lipid metsm, and regeneration of
peripheral nerve fibres. During exercise, IL-6 ysithesized and secreted by skeletal
muscle resulted in a rise in plasma IL-6 levelsudianeously with the increase in
intensity and duration of the exercise. The expangf IL-6 levels in response to
physical activity boost up the insulin-stimulateduapse removal in the body
(Reihmane & Dela, 2014). Exercise-induced IL-6 e&on improves insulin
sensitivity. At the time of exercise, IL-6 is pddgi the most prominent myokine
having cardioprotective potential and also assediawith triggering of ischemic
preconditioning (McGinnis et al., 2015). The delkhygphase of ischemic
preconditioning increases the tolerance of myocandio a later ischemic insult at
24—72 hours. A study conducted on Diabetic Pergdhdeuropathy (DPN) suggested

that a low dose IL-6 delivered in a fraction whigtimics the body’s natural self-
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response to exercise proved as an effective curpréiiection and refurbishment of

normal functions of peripheral nerve in DPN (Coxakt2017).
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Figure 2.17: Biological effects of IL-6. IL-6 has a widespreaghch to multiple organs where
it mainly stimulates cell proliferation and regesieon.

Studies on IL-6 mediated cardioprotection have dooi in-vivo andin-vitro. IL-6
induced preconditioning signalling via the Janusake and signal transducer and
activator of transcription (JAK/ STAT) pathway, whi reduces necrosis after 30
minutes of regional ischemia. These effects wereligtied in IL-6/-mice. IL-6
stimulates those signalling pathways that coulcigé¢he ischemic preconditioning.
IL-6 protects cardiomyocytes by inducing PI 3-kiaaghich is involved in alterations
of mitochondrial C& and inhibits reperfusion mediated mitochondrigialerization,
loss of mitochondrial structure and function, aedds to C& accumulation in

mitochondria (Smart et al., 2006).
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The directed disruption of the IL-6 receptor, speally, gp130 in developing embryos
displayed hypoplastic ventricular myocardium, dases number of pluripotent cells,
hematopoietic progenitors, blood loss and somer atbrplications. This study revealed
the vital role of gpl30 in myocardial expansion ahdmatopoiesis throughout
embryogenesis (Yoshida et al., 1996). IL-6 defeadainst hyperoxic and oxidative
injuries (which are similar to IR injuries) boih-vivo andin-vitro. IL-6 preconditioning

also prevents ¥D,-induced oxidative injuries to cardiomyocytes tlglouactivation of

STAT-3 pathway (Jia et al., 2012). Thus, IL-6/JAKAT -3 appears to be the primary

pathway through which IL-6 regulates the majoritjunctions.

All these studies suggest that IL-6 can protectdbés from following deleterious
factors, oxidative stress, disturbed 2Cahomeostasis, altered mitochondrial
metabolism and DNA damage, which are also causediohyzing radiation.
Therefore, we hypothesized that IL-6 may proteet ¢ells from radiation-induced

cell death and may be developed as a potentiad-@ditector.

Aim and Objectives of the study
In light of the above rationale, the thesis is am& evaluating theRole of
Interleukin-6 in cellular and systemic responses to ionizing radiation. The

objectives designed to achieve the above-mentiaimadare as follows

1. To study the cytoprotective potential of IL-6 agdiionizing radiation using-
vitro models.

2. To investigate the role of IL-6 in cellular respeado radiation-induced DNA
damage

3. Evaluation of radio-protective efficacy of IL-6 im-vivo (mice) models.
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CHAPTER 3
MATERIAL AND METHODS

3.1 Materials Required

I ntroduction

3.1.1Cédll lines

In vitro studies were carried out in multiple cell lines\R264.7 (murine monocytic),
INT407 (Human Intestinal epithelial cells), IEC¥Mduse intestinal epithelial cell), NIH-
3T3 (murine embryonic fibroblast), HEK293 (humanbeyonic kidney cell). All the cell

lines were purchased from the National Centre & &ience (NCCS), Pune, India.

3.1.2 Chemicals and Bio-chemicals

3.1.2.1 Drugsand Inhibitors

Mouse recombinant IL-6 was bought from Biolegendn®iego, USA). JSI124 and
MK2206 were procured from Sigma (Saint Louis, MOSA) and Selleckchem

(Texas, USA) respectively.

3.1.2.2 Cell culturereagents

High glucose DMEM (Dulbecco's Modified Eagle’s Maeudh), Streptomycin,
Penicillin, Nystatin, Trypsin, HEPES were procurgdm Sigma- Aldrich, USA.
Hank’s Balanced Salt Solution (HBSS) were procuiredn HiMedia, India. Fetal

Bovine Serum (FBS) was procured from Gibco/BRL, MIZA.

3.1.2.3 General Chemicals and Bio-chemicals
All the chemicals and bio-chemicals were of eitlalytical grade or molecular
biological grade. Phosphate-buffered saline (PB&)pidium lodide (PI), Citric Acid,

Tween-20, 4, 6 diamidino 2-phenyl indole (DAPI), thienol, Xylene, Glycerol, Ethanoal,
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Monobasic Potassium phosphate ¢(REB4), Dibasic Potassium phosphateHRO4),
Sodium phosphate dibasic (@R#0O4), Sodium phosphate monobasic (bR®BHY), Glacial
acetic Acid (GAA), sodium bicarbonate, Sodium ddey Potassium chloride were
obtained from HiMedia chemicals. Dichlorodihydraitascein diacetate §8CFH-DA),
Low melting point (LMP) agarose, Ponceau S, PMS36tedse inhibitor cocktail, bovine
serum albumin (BSA), 2- mercaptoethanol, Ammoniuensyplfate, Hydrochloric acid,
Trichloroacetic acid (TCA), glutathione, Thiobadsit acid (TBA), TEMED, DPX
mountant, Acetone, Bromophenol Blue, Sodium Dode®wylphate (SDS), S-Lauryl
Sodium Sarcosinate (SLS), Ethylene di-amine tetetic@acid (EDTA), NeEEDTA, 3- (4,
5-dimethylthiazol-2-yl)-  2,5-diphenyl tetrazolium rdmide (MTT), Tris Base,
Paraformadehyde (PFA), Bovine serum albumin (BSRponuclease-A (RNase-A),

Collagenase Type IV were procured from Sigma-AlgridSA.

3.1.2.4 Antibodies

Antibodies against pSTAT-3, STAT-3, Bcl-2, Bax, aled caspase 3, PARP, pAkt,
Akt, y- H2AX, ATM, NBS1, RAD51, VDAC, and-actin were procured from Cell
Signalling Technology, USA. FITC conjugated antMsa and mouse secondary
antibody were purchased from Sigma-Aldrich, USAn@&un, cyclin D, PKM2,
GLUT-4, HK-2, HK-1 and HRP conjugated secondarylanties were acquired from

Santa Cruz Biotechnology, CA.

3.1.2.5 Biochemical and M olecular Biology Kits

Bicinchoninic acid (BCA) kit, Annexin V-Alexa flouApoptosis Detection Kit, In
Situ Cell Death Detection Kit, were purchased fr8igma-Aldrich, Saint Louis, MO,
USA. IHC kit was purchased from Abcam, MA, USA. B@ssay kit and Total

antioxidant assay kit were procured from Cell BiglaSan Diego, USA. IL-6 ELISA
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kit was bought from Affymetrix Biosciences. All DNAnd RNA isolation kits were
obtained from Qiagen, Germany. cDNA synthesis kit 8ybr green were purchased

from Fermetas and Bio-Rad, USA, respectively.

3.1.3 Glassware and Plasticware

Tissue culture flasks, cell culture dishes, 96-|vphtes, scrapers and serological
pipettes were obtained from Corning (USA) and BDc&@a (USA). The 0.22m
PVDF membrane, syringe filters and media filter rbesme were obtained from MDI

Membrane Technologies, India.

Table 3.1: Composition of various reagents/buffers used irsthdy

Buffer Composition

Radioimmunoprecipitation assayl50mM sodium chloride, 1.0 % Triton X-100, 0.5 %/A\{wv
(RIPA) Buffer for cell lysis sodium deoxycholate, 0.1 % SDS (w/v), 50mM Tris H@H
8.0), ImM PMSF, 5mM sodium orthovanadate and peat¢a
inhibitor cocktail (11L/2100uL of RIPA buffer)

Laemmli buffer (2X) 0.125M Tris HCI (pH 6.8), 10% (v/v) 2-mercaptoetbhr%
(w/v) SDS, 20% (v/v) glycerol and 0.004% (w/y)
bromophenol blue

SDS- PAGE running buffer (1X) 25mM Tris base, 250 mM glycine (electrophoresisdgja

0.1% SDS
Transfer Buffer (1X) 25mM Tris base; 192mM Glycine; Methanol 20 %
10 % neutral buffered formalin 10% (w/v) formaldehyde in 1X PBS.
4 % PFA (fixative) 4% paraformaldehyde (w/v) in 1X PBS
Ponceau- S staining solution 0.1% Ponceau S in 5% GAA
PBST 0.1% Tween-20 in PBS
TBST 20mM Tris,150mM NacCl, 0.2% Tween-20
Blocking Buffer 5 % (w/v) dry non- fat milk or 5% (w/v) BSA in 1XBST
10X Red Blood Cell (RBC) lysis 8.02g Ammonium chloride, 0.84g Sodium bicarbon@tdyg
buffer Disodium EDTA, 100ml milli-Q water
Bouin’s fixative Saturated aqueous picric acid: 48P formaldehyde: GAA

in 15:5:1 (v/viv) ratio

Lysis buffer for Comet assay 2.5% SDS, 1% N- laagtosine and 25mM EDTA, pH 9.5

Electrophoresis buffer for Comet90mM Tris base, 90mM boric acid, 2.5mM disodium EDT
assay pH 8.4
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3.2 Methods

3.2.1 Sterilization

Sterilization of all the glass-wares and plasticega wherever required, was
performed by autoclaving at the pressure of 18184°C for 20min. Culture medium,
heat-labile solutions and buffers were sterilizeg filter sterilization wherever

needed. Other buffers and solutions were steril®edutoclaving.

3.2.2 Maintenance of cell lines

All the cell lines were maintained as monolayer8&C in a humidified incubator
with 5% CQ in 60mm Petri dishes. NIH- 3T3, IEC-6, INT407 aA&K293 cells
were grown in high glucose (4.5¢g/ litre) DMEM sugpiented with 10% FBS and
RAW264.7 cells were maintained in high glucose DMENpplemented with 10%
heat-inactivated FBS. The growth media contained®BEE& (10mM) as the buffering
agent and antibiotics (Penicillin 50 IU/ml, Strepicin 35ug/ml, and Nystatin 2.5
pg/ml). Cells were cultured routinely to maintalem in the exponential growth
phase using either scraping for RAW264.7 cellsrypdinization with 0.05% trypsin
solution (Himedia) for NIH-3T3, IEC-6, HEK293, antiT407. Cells growing in

exponential growth phase were used for all experime

3.2.3 Drug treatment and irradiation

Monolayer cells were grown at varying densitiesp@ieling upon the assay) in
35mm/60mm Petri-dishes or 96-well plates for 24 before treatment to ensure
attachment. Lyophilized IL-6 was dissolved in aldaved filtered milli-Q water to

prepare stock solutions and then aliquoted as nainwolume to avoid repeated
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freeze-thaw. A working concentration was readyhat time of the experiment by
diluting the aliquoted stock in culture medium aadded to the final volume in
respective dishes. After 2 hrs of incubation wité tL-6, cells were gamma-irradiated
using *°Cobalt-Teletherapy Unit (Bhabhatron-ll, Panacea ied Technologies,

Bangalore, India) at a source to sample distance8Gaim and a field size of
35x35cnf. The dose rate during the entire course was k&yt/thin. All the radiation

treatments were done at room temperature. Celle fuether incubated for studying

different cellular responses at different time imgds.

Parameters studied
*Sulforhodamine B assay
*Growth Kinetics
*Clonogenic cell survival
*Cell Death analysis
Vatisble *Western Blotting
———> *R0S measurement
- Incubation N
== Time *Antioxidants Status
Raw 264.7 Cells *Macromolecular damage
*DNA damage and repair analysis
*Glycolysis

IN VITRO STUDY
IL-6 (1ng/ml)

Figure 3.1: Experimental layout foin vitro studies. Cells treated with IL-6 before irradiatio
and multiple parameters were studied.

3.2.4 Sulforhodamine B assay

The SRB assay is used to determine the cell debgitpeasuring the cellular protein
content. This assay is well established for cytimioxscreening of any compound in
adherent cells (Vichai & Kirtikara, 2006). For thisssay, cells were seeded
(3000/well) in 96-well plate a day before treatmexéxt day cells were irradiated
after treating with IL-6 for 2 hrs. After irradiath cells were incubated in GO
incubator till further time points. At particulainte point cell monolayers were fixed
with 10% (w/v) Trichloroacetic acid (TCA) followelly staining with 100ul of SRB

(0.057% wl/v) for 30 min. Thereafter, the excessnst@as removed by multiple
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washings with 1% (w/v) Acetic acid. Next, the dyeuhd to protein is dissolved in
10mM Tris-base solution on a shaker. OD read ah&ilavelength on the micro-

plate reader (Biotek Instruments, USA).

3.2.5 Clonogenic Cell Survival

The clonogenic cell survival assay utilizes theradpctive potential of a cell to divide
indefinitely and forms colonies and is a gold-staddmethod for assessing the survival
of cells following irradiation. A varying number @xponentially growing cells (100-
3200, varied for different radiation doses and Gr#s) were seeded in triplicates in
60mm Petri dishes 18-24hrs before any treatmemticilitate the attachment of cells.
After completion of treatment, cells were allowedjtow at 37°C in C&X5%) incubator
for 7-14 days (varied for cell lines). Colonies imgvat least 50 cells (5 to 6 doublings)
were recorded as survivors. After the appearanamlohies, washed once with PBS to
remove media, followed by fixation and staininghndo crystal violet dye (dissolved in

7% methanol in PBS). Plating efficiency was cal@daas:

PE = (Number of colonies counted / Number of geléged) X 100
The Surviving Fraction (S.F.) was calculated as:

SF =PE/ PE:

Where PEis the plating efficiency of the treated group &M is the value of the

control group.

3.26 Cdl proliferation/Growth Kinetics/Cell number

Healthy and growing cells were seeded with a demdiZ5000 to 100000 cells/Petri
plate depending upon the cell line and allowed rowgfor 24hrs. After IL-6 and

radiation treatment cells were kept at 37°C in 5@, @hcubator for doublings for
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different time (0-72hrs). Cells were harvested gved hrs by scraping, or
trypsinization and the viable cells were countedngisa Neubauer's improved
counting chamber (Paul Marienfeld GmbH & Co. KG, r@any) under 10X
objective, and 10X eyepiece magnification with ampound light microscope

(Olympus CH30, Japan). The number of viable celis valculated as follows:

Viable cells =Average cell count X Volume of calispension X Dilution factor

3.2.7 Analysis of cell proliferation using CFSE dye

Cell proliferation assay was executed using CFS&rk@yfluorescein succinimidyl
ester) dye (Sigma), according to manufacturer'sopoh Cells were incubated with
CFSE (5M) in incomplete growth medium supplemented with 28um for 20 minutes
at room temperature with constant rolling. Nexé tmbound dye was washed off with
respective complete growth medium two times andlesten fresh medium with the
density of 0.25X10and kept at 37°C in GOncubator. After overnight incubation, cells
were treated with IL-6 and radiation and incubaiadl further time points. Cells were
terminated at 48 hrs post-treatment, and fluoresceras measured using flow cytometry

(FACSArria lll cell sorter, Becton Dickinson, USA).

3.2.8 Cdll cycledistribution

Exponentially growing cells were seeded at a dgrits000 to 8000 cells/cirand
grown overnight. Following treatment, cells wereubated for varying intervals of
time (0-48hrs). Both floating and attached cellsavbarvested at particular time
intervals by scraping and fixed in chilled 80% etbla(in PBS). The ethanol fixed

cells were stained with the intercalating DNA flaohrome, Propidium lodide as
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described by Zolzer et al. (Z6lzer, Speer, Pel&estreffer, 1995). Accordingly, 0.5

million cells were fixed in ethanol, washed with B remove ethanol and incubated
with RNase-A (200 pg/ml) for 30 minutes at’87 Next, the cells were stained with
Pl (50 pg/ml) in PBS for 10 minutes. Measuremengseamade on a flow cytometer
(FACSAria Il cell sorter, Becton Dickinson, USAsing 488nm laser and analyzed

using FACSDiva software (Version 3.0.1, Becton [nskn, USA)

3.2.9 Cell Death analysis by Acridine orange ethidium bromide staining

RAW 264.7 cells were seeded in 96-well plates amathed with acridine orange-
ethidium bromide according to Deborah Ribble protd®eborah Ribble, Nathaniel
B Goldstein & Shellman, 2005) with minimal modifizns. Briefly, the cultured
cells in 96-well plates were centrifuged at indechtime points and incubated in 1:1
Acridine Orange and EtBr (Sigma-Aldrich) solutiodQgg/ml each) at room
temperature for 5-10 minutes. Images were captunelér a fluorescence microscope
using 10X objective, and 10X eyepiece magnificatith a fluorescence microscope

(Olympus IX51 Fluorescence Microscope, Japan).

3.2.10 Caspase-3/7 activity assay

Activation of caspases was assessed by Cell Evedadpase-3/7 (pM) activity
probe (Invitrogen,) following manufacturer’'s protbcbriefly cells grown in 96-well
plates followed by all the treatments, was replawgith a fluorescent probe and
incubated for 30min. After washing with PBS, fluscent cells were captured under a
fluorescence microscope at 10x10 magnification. $tened cells showing green

dots represented active caspase-3/7.
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3.2.11 Cell Death analysis by Annexin-V-PI assay

Induction of apoptosis was studied by detectingmewtlized phosphatidylserine (PS)
on the outer surface of the cell membrane in udfigells using Annexin-V-Alexa
Fluor, which specifically binds to negatively chedgPS (Vermes, Haanen, Steffens-
Nakken, & Reutelingsperger, 1995). Annexin-V-Alekkor/ Pl staining is used to
detect non-apoptotic live cells (both negative)lyeapoptotic cells (only Annexin
positive), late apoptotic (both positive) and nécrocells (only Pl-positive).
Exponentially growing cells were treated with IL-hllowed by irradiation. At
particular time points, cells were collected by tigerscraping in the medium along
with floaters. Cells were pelleted and re-suspenddinding buffer (provided in the
kit) at a density of 1.0 x £6ells/ml in 100p! buffer. Next, 5pl of Annexin-Viéxa
Fluor and 10ul of PI (10 pg/ml) was mixed with selh a tube, followed by
incubation in the dark at room temperature for liButes. The measurements were
performed on FACSAria lll cell sorter (Becton Dinkbn, USA) and analyzed using
FACSDiva software (Becton Dickinson, USA). The marcpopulation of Annexin-V

+ve/-ve and Pl +ve/-ve cells were estimated by @meite gating.

3.2.12 M easurement of intracellular ROS

The intracellular ROS levels of irradiated RAW2644ils were estimated by using
the fluorescent probe CM-BCFHDA. The cells after treatment (0 to 48hrs) were
washed twice with PBS and held in PBS containing1@aChL, 1mM MgCh, 5mM
glucose and 10ug/ml CMJBCFDA for 30 minutes in the dark at 37°C. After
incubation, cells were washed with PBS, scrapedressispended in 500ul PBS, and
200pl of suspension transferred to 96-well darkdmotplate, and fluorescence was

read at Excitation/Emission of 490/530nm. Rest loé tcells were counted to
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normalize the fluorescence read per cell. Alteuadyi cells suspended in PBS were

analyzed by flow cytometry (Becton Dickinson, US#sing 488nm laser.

3.2.13 Estimation of total cellular antioxidant capacity

Total antioxidant capacity was measured in the RAW2Z2 cells using the
OxiSelect™ Total Antioxidant Capacity Assay kit (SRiego, USA) at 4 &24 hrs
post-irradiation. Briefly, 1-5x 10cells were homogenized in 200 pL of cold PBS by
sonication for 30 seconds twice and incubated erfac 10 minutes. Cell supernatant
was collected after centrifugation at 12000xg forminutes. Samples were prepared
in 96-well plate having all the components and bated for 1hr at room temperature.
Standard curve of Uric acid was generated by $edélting 1mM uric acid. In a 96
well plate, 20 pL of sample/stand was taken, foldvby the addition of 1x reaction
buffer and initial reading was measured at 490nhenT the reaction was initiated by
adding 50 pL of 1x copper ion and kept on an otlsiteker for 5 minutes. Further,
the reaction was stopped by adding 1x stop soluéiod final absorbance was read at
490nm on a 96 well-plate spectrophotometer. Theltes/ere represented as relative

fold change in antioxidant capacity of each group.

3.2.14 Measurement of lipid peroxidation

Levels of lipid peroxidation were assayed by meaguthe malondialdehyde (MDA)

levels in thiobarbituric acid reactive substanc€BARS) assay (Buege & Aust,

1978). At 4 &24 hrs post-irradiation, cells werenlested and homogenized in ice-
cold Tris-KCI buffer (10 mM Tris-HCI, 150 mM KCl,tgopH 7.4). One volume of

homogenate (without centrifugation) was mixed witto volumes of 0.37% wi/v

Thiobarbituric Acid and 15% w/v Trichloroacetic dén Eppendorf and heated for 45

minutes in boiling water bath. Next, the solutisias allowed to cool at room
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temperature, centrifuged, and the absorbance ofclder supernatant was read at
532nm on a 96 well-plate spectrophotometer. Datantjied by using the molar
extinction coefficient of MDA-TBA adduct (155 m&¢m™), normalized with protein

content and calculated as nanomoles of MDA peligralin of protein.

3.2.15 Measurement of SOD activity

The activity of the antioxidant enzyme Superoxigaritase (SOD) was measured in
the RAW264.7 cells using the OxiSelect™ SuperoXiiemutase Activity Assay kit
(San Diego, USA) at 4 &24 hrs post-irradiation.e8ly, 1-5 x 1G cells were lysed in
1mL of cold 1X Lysis Buffer (10mM Tris, pH 7.5, 150 NaCl, 0.1 mM EDTA,
0.5% Triton-100) and incubated on ice for 10 misutéell supernatant was collected
after centrifugation at 12000xg for 10 minutes. $ka® were prepared in 96-well
plate, having all the reaction components and iatedb for 1hr at room temperature.
Absorbance was read at 490nm on a microplate redtierresults were represented

as relative fold change in SOD activity of eachugro

3.2.16 Estimation of Reduced Glutathione (GSH) levels

The level of reduced glutathione (GSH) was measbyats reaction with 5, 5'-dithiobis-
(2-nitrobenzoic acid) (DTNB or Ellman's reagenty@ding to the method of Moron et
al. (Moron, Depierre, & Mannervik, 1979). Briefl$0OuL of 20% Trichloroacetic acid
(TCA) was added to 100uL of cell lysate to preaitgitthe protein on ice. Then, the tubes
were centrifuged at 10,000 rpm for 10 minutes’@t Mext, 100ul of the supernatant was
mixed with 900uL of 0.2M phosphate buffer (pH 8a0)d 2.0ml of freshly prepared
Ellman’s reagent (0.6mM in 0.2M phosphate buffer §i8). The absorbance of the
yellow-coloured product formed [5-thio-2-nitrobeiz@cid (TNB)] was measured at

412nm in a microplate reader after 10 minutes agde reagent blank (containing 5%
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TCA instead of homogenate). Standard curve of G&slgenerated using concentrations
ranging from 2 to 50 nanomoles of GSH in 5% TCAJ #re amount of glutathione was

expressed as nanomoles/mg protein.

3.2.17 Glucose uptake and lactate production assay

RAW264.7 cells were incubated in HGD before IL-€atment and irradiation. Cells
were treated with IL-6, 1 hr prior to irradiatioBubsequently, cell medium was
removed, and cells were incubated with 2NBDG (50@MN-(7-Nitrobenz-2-oxa-
1,3-diazol-4-yl)Amino)-2-Deoxyglucose) prepared Phosphate Buffered Saline
(PBS) for 30 minutes. Further, the cells were hste@ and washed twice with cold
PBS to analyze on the flow cytometer. Lactate pectidn was estimated in the
growth medium using enzymatic assays. Lactate stsated using a lactate oxidase
method using a kit (Randox; Cat. No.-LC2389). Ghecouptake and lactate

production were normalized with the number of veatéll in respected wells.

3.2.18 Analysisof Protein levels using Western blot technique

The protein level of pSTAT-3, STAT-3, hexokinasePEK-1, PKM2, GLUT4, Bcl-2,
Bax, Bcl-xl, Mcl-1, cleaved caspase 3, PARP, phospkt, Akt, y- H2AX, VDAC,
ATM, RADS51, NBS1, Survivin, Cyclin D, and loadingomtrol B-Actin were
determined in control and irradiated cells (RAWZ8§4y immunoblot analysis. Cells
were cultured in PD60 incubated in €@cubator before treatment. Further, cells
were harvested post-irradiation at various timegsoand lysed in ice-cold RIPA lysis
buffer (Tris—=HCI: 50mM, pH 7.4, NP-40: 1%, NaCl:(k6M, EDTA: 1mM, PMSF:
2mM, Na3vO4: 1mM, NaF: 1mM protease and phosphat#sbitor cocktail). The
protein concentration in cell lysates was deterghinsing the BCA protein assay Kkit.

Protein (30-4Qg) was resolved on 10, 12 or 15% SDS-PAGE (depgndinthe
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molecular weight) and electroblotted onto PVDF meank (MDI). The membrane
was then incubated in 5% BSA for 1 hr followed yrary antibody incubation HK-
2 (1:1000), PKM2 (1:500), PFK-1 (1:500), GLUT4 (@@ andp-Actin (1:3000),
pAkt (1:1000), Akt (1:1000), SDH (1:1000), pSTAT¢B:1000), STAT-3 (1:1000),
cleaved caspase 3 (1:1000), PARP (1:1000), Mcl:10(0), Bcl2 (1:1000), Bax
(1:1000), Bcl-xI (1:1000), ATM (1:1000), RAD51 (D@0), NBS1 (1:1000), at 4 °C
for overnight. The membrane was washed 3 timesh(&acl0 minutes) followed by
incubation with the appropriate HRP conjugated sdaoy antibody (1:5000) for 2
hrs. After washing for 3 times (each for 10 minjitélse blots were developed using
Luminata Forte western HRP substrate (MilliporeheTsignal was captured by
Chemidoc system (Bio-Rad, CA, USA) or ImageQuantSL300 (GE Lifesciences,
USA) and band intensities for each protein werentjtiad by densitometry, corrected
for background staining, and normalized to the &ligior f-Actin. Densitometry

analysis was done using ImageJ 1.52K (NIH, USA).

3.2.19 Gene expression analysis

Total RNA was isolated from cells by Qiagen RNAl&mn kit according to the
manufacturer’s instructions (Qiagen RNeasy minL Igurther, RNA was dissolved in
nuclease-free water (Thermo Scientific, USA) andrgified with Nanodrop (Thermo
Scientific, USA). 1ug of RNA was used for cDNA shasis via First-strand cDNA
synthesis kit (Thermo Scientific, USA) in a thernagitler (Applied Biosystems, CA,
USA). Kick start ready to use primers were purcbgsem Sigma Aldrich (St. Louis,
USA). For real-time PCR, 25ng of cDNA was added®nM gene-specific primers
and 1x Sybr Green supermix (Bio-Rad, CA, USA). Tamplification program

consisted of a hot start at 95°C for 3 minutedpWaéd by 40 cycles of denaturation at
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95°C for 15 seconds, annealing at 60°C for 30 s#x,0and extension at 72°C for

15seconds. The amount of the target gene was niaaddlyp-Actin.

3.2.20 ATP measur ement

ATP was measured using the ATP bioluminescent ddas€gigma Aldrich (St. Louis,
USA)) following the manufacturer’'s protocol. Brigflcells were treated with IL-6,
followed by irradiation at 2 hrs. At 4 and 24 hpsst-irradiation cells were washed and
scraped in cold PBS and pelleted at 1000 rpm fonibites. Cells were lysed in 3h0

of lysis buffer (4mM EDTA and 0.2% Triton X-100)0Q uL of this lysate was loaded
per well in triplicates with 10QuL of ATP mix in a 96-well white luminescence
measuring plate. Luminescence of samples alongstatidards was read at 562 nm and

normalized with the cell number. ATP concentrat®depicted as pg/cell.

3.2.21 Formazan quantification

The cells were plated in 24 well culture plates,@@0 cells/well) and incubated in a
CO, incubator. Next day, treatment was given accordingthe experimental
requirement. Further, at respective time pointsuybMTT solutions from the stock
(5 mg/ml) was added and cells were incubated in i@Qubator in the dark for 2 hrs.
The medium was removed, and Formazan crystals tbbyehe cells were dissolved
using 500uL of DMSO followed by transfer in 96-well plate. &rabsorbance was
read at 570nm using 630nm as reference wavelength Multiwell plate reader
(Biotech Instruments, USA). Reduced formazan qtieation was done with
Formazan standard. At each respective time poeitsnambers were counted with a

Neubauer's-improved counting chamber (Paul Marienf&mbH & Co. KG,
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Germany) under 10X objective, and 10X eyepiece Ifiagtion with a compound

light microscope (Olympus CH30, Japan).

3.2.22 Measurement of mitochondrial Mass and mitochondrial Calcium
Quantitative analysis of mitochondrial content wasried out using Mitotracker
Green (at respective time points, post-irradiatio@ells were incubated with
Mitotracker green (100 nM; 15 min; 37 °C), in PB8en washed with PBS and
resuspended in PBS before analysis. The signalse wescorded using
BD FACSAria™ |1l cell sorter. (BD Biosciences, USAjnages of Calcium loaded
mitochondria were captured by staining cells witA3A87 (6uM, 20min). Briefly,
RAW264.7 cells were grown in PD-35 having coversk 4 hrs post-irradiation
medium was removed and stained for 20 minutesarddrk. The stain was removed,
and cells washed with cold PBS. Images were captuneder a fluorescence

microscope with 40X objective.

3.2.23 Measurement of Mitochondrial membr ane potential

Quantitative and qualitative analysis of mitochaadmembrane potential (MMP) was
carried out using TMRM and JC-1 dyes respectiv@blis were incubated with TMRM
(50 nM; 30 min; 37°C) in PBS, then washed and peudged in PBS for analysis.
Fluorescence signals were measured by flow cytan@®® FACSAria Il cell sorter).
For microscopy, cells were stained with JC-1 dy@ ifig/ml; 30 min; 37°C). After
staining, cells were washed with PBS and obsented0X magnification under a
fluorescence microscope (Olympus IX51 FluoresceMieroscope, Japan). JC-1

accumulates in mitochondria as monomer or J-agtgegkepending on the membrane
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potential. The monomeric form is predominately présn depolarized mitochondria
and emits green fluorescence (~530 nm), whereaslitiwmeric (J-aggregate) form in

mitochondria has more potentials and emits reddlsmence (~590 nm).

3.2.24 Gene knockdown study using siRNA transfection

The control siRNA and Mouse Aktl/2 siRNA pool wgrerchased from Santacruz
Biotechnology (Dallas, Texas, USA) to knock downngeexpression. SiRNA
transfection was performed using Lipofectamine 2008itrogen, Carlsbad, USA),
according to the manufacturer's instructions, byjef.1 x10 cells were seeded in 6-
well plate a day before transfection. Next day sfaction was done in Opti-MEM
(serum and antibiotic-free medium) for 4 hrs folemvby 24 hrs recovery in 2x
serum-containing medium. Pilot experiments weméopeed to optimize the amount

and time of maximal protein knockdown.

3.2.25 y- H2AX foci detection assay

Assessment of radiation-induced DNA damage andiregss done by microscopic
evaluation ofy- H2AX foci in RAW264.7 cells. For measuring H2AX by
microscopy, cells were plated in 35mm Petri platasa coverslip and allowed to
grow overnight before treatment. The cells, follogviL-6 treatment and irradiation,
were gently washed once with PBS, fixed and peritieath in acetone: methanol
(1:1) at -20C for 20 minutes. Thereafter, the cells were gemthshed twice with
TBS, non-specific sites blocked by 5% goat serunT{iBS) for 30 minutes at room
temperature before incubation with rabbit monodardi-y-H2AX antibody diluted

1:1000 in TTBS containing 1% BSA. After primary dooidy incubation for 1hr at
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room temperature, cells were washed thrice with $THBd incubated with goat anti-
rabbit FITC conjugated IgG (dilution 1:1500 in 1968 in TBST) in the dark for 1 hr
at room temperature. After completion of incubatioells were washed thrice with
TTBS; coverslip mounted over slide using SlowFad&¥ld Antifade Mountant
(Thermo Fisher Scientific, USA) containing DAPI the DNA-specific counterstain.
Each slide was pre-scanned under 10X objectivevi@t byy-H2AX foci counting
at 63X magnification in an automated Metafer micoge (MetaSystems, Germany)
using the MetaCyte- H2AX foci scan software. About 500 nuclei werarsced per

slide to calculate the frequencyyefH2AX foci per cell.

3.2.26 Assessment of cytogenetic damage by Micronuclei formation

Exponentially growing cells were seeded at a dgmsi75000 cells/cthand allowed
to grow overnight. Following treatment, cells waneubated for varying intervals of
time (0-72 hrs). Both floating and attached cellsrevharvested at every 12 hrs
interval by scrapping and fixed in chilled Carnoyizative (3:1 V/V, Methanol:
GAA), and stored at°€ for 2-4 hrs or at -28C long time (Fenech et al., 2003). The
fixed cell was dropped over clean, chilled glasdes, then air-dried overnight and
stained with DNA specific fluorochrome, Hoechst ¢iml) in phosphate buffer
(0.45M NaHPQ,. 2H,O and 0.01M citric acid in the ratio of 9:1, finpH: 7.4)
containing 0.05%, Tween-20 for 10 minutes in thekda room temperature. The
excess stain washed off with distilled water folkmlvby PBS; then slides were
mounted with PBS-glycerol (1:1) and observed urild@rescence microscope at 40X

magnification (Olympus IX51, Japan) using UV extda filter. A total of 1000 cells
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were analyzed for counting the number of cells amimg micronuclei. The

frequency of cells with micronuclei called the Miétion (MF) was calculated as:
MF (%) =Niw/Nix 100

where N, is the number of cells with micronuclei, andidithe total number of cells

analyzed.

3.2.27 Analysisof 53BP1-GFP foci formation

53BP-1 foci formation in response to radiation \easessed in stably transfected HEK
cells. The 53BP1-GFP plasmid was a kind gift fronCi2epak Saini’'s laboratory, Indian
Institute of Science (IISC) Bangalore, India. TI#8B1-GFP plasmid was transfected in
HEK cells and established a permanently transfectelil line. For microscopic
evaluation, 0.075 XTxells were seeded in 35mm Petri plates over clip@ontaining
2ml growth medium/. Next day, cells were treatethwlL-6, followed by radiation
treatment and kept in a cell incubator. At 48 pisst-treatment, images (GFP
fluorescence) were captured using a fluorescencerostiope (Olympus IX 51
fluorescence microscope, Japan) under 40X magtnifical he foci formed were counted

from at least 20 images per group and the percemwmtacells with foci was plotted.

3.2.28 Alkaline Comet Assay

The quantification of damaged DNA was done by penfog alkaline comet assay
adopting the protocol of Singh et al. (N. P. SingttCoy, Tice, & Schneider, 1988)
with minimal modifications. Briefly, one-end frosteslides were precoated with 700
uL of 1% normal melting point (NMP) agarose, 1 dafdoe the experiment. After

IL-6 treatment and irradiation, cells were scrappe®BS; the single suspension was
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prepared and counted. At least 5%b@lls were taken in 50L volume and mixed
with 650 uL of low melting point (LMP) agarose and layeredepihe properly
labelled pre-coated slides on ice. When the agagmte solidified, slides were
engrossed in freshly prepared cold lysis bufferlféwr at 4°C. After lysis, slides were
gently removed from lysis buffer and transferredimavinding solution for 20 minutes
to unwind DNA strands. Then slides were positiomed comet electrophoretic unit
(specialized for comet assay), freshly preparedtphoresis buffer (PH>13.1) was
poured into the electrophoretic tank. The eledtooptic run was then carried out at
14 volts (0.7 V/icm) 300 mA for 20 minutes. Afteretlhun, slides were neutralised
with 0.4 M Tris base buffer (pH 7.4) for at leastnfhutes then washed with water to
wipe out excess salts. Then slides were staineu pvitpidium iodide (25.g/ml) at
room temperature for 10 minutes, washed with watel a coverslip was placed over
it and DNA migration was visualised at 20X magrafion using automated scoring
fluorescence microscope Metafer 4 (Zeiss, Germanlyg. slides were scanned, and
automated analysis was performed by the MetaCymaef&can system of Metafer 4
microscope. One thousand nuclei per group werlyzethto determine tail length, %

DNA in tail, tail movement, and olive tail movement

I'n vivo studies

3.2.29 Experimental animals

C57BL/6 mice, 8-10 weeks old and with an averagegmeof 22—25 grams were
obtained from the Institutional Animal Facility 68IMAS, DRDO, Delhi, India. All
the mice were accommodated in well-ventilated palpglene cages (22+2°C

temperature and 12h/light- dark cycle) providedhwstandard rodent feed (Golden
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Feeds, India) and wated libitum The mice were always acclimatized for at least
one week before the execution of an experimentthidlexperimental protocols were
reviewed and approved by the Institute’s Committee the Ethics of Animal
Experiments before the beginning of tests (Ingthal Animal Ethical Committee

number:-INM/IAEC/2017/20 and INM/IAEC/2018/21).

3.2.30 Drug preparation and administration

Freshly prepared IL-6 in sterile water was admerist by intramuscular (i.m.)
injection, 2 hrs prior to whole-body irradiation BN. The injectable volume was
10ng/5Q@L/mouse. JSI-124 was administered by intraperitbrfep.) injection of

1mg/kg body weight dose in 50uL volume.

3.2.31 Irradiation of Animals
Un-anaesthetized mice (not more than 4) were kepaimple chamber using a wired

mesh on top and irradiated in a Lose Dose Irrad{&tdl 2000) (BRIT, India) having

®Cobalt as a radiation source. The dose rate ddnegntire course of study varied
between 1.67-1.57 Gy/min. All irradiations were riat out at room temperature.
After irradiation, all the experimental mice werepk in the institute’s central animal

facility and fed on standard diet and water thraughhe study period.
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IN VIVO STUDY .
2Gy or 7.5 Gy WBI Parameters studied

IL-6 (10ng/mice) *Survival Study
*Peripheral blood count
*Bone marrow cellularity
*Stem cell enumeration
j *Spleen histology

2 hour, i.m. i At different
—b -
Time intervals Sple.en Morphology
A G| histology
*Biochemical parameters in Gl

C57BL/6, 8-10 week *Tunel assay in Gl
*BrdU cell proliferation in Gl
*Western blotting

Figure 3.2: Treatment and Irradiation protocol for mice; parterestudied after irradiation

3.2.32 Animal survival

C57BL/6 mice were administered IL-6 (10ng/mice)hwé single (pre) or multiple
doses (1 pre 3 post till 72 hrs) for dose optimizabefore being exposed to kddzo
(radiation dose that kills 80% of the animals indys) of radiation and monitored
for survival over 30 days. The body weight of thenaals was also recorded every
alternate day for analyzing the effect of IL-6 twe radiation-induced decline in body
weight. 7.5 Gy was selected as dgPspfor C57BL/6 mice. As it kills 80% of the
animals within 30 days by both bone marrow andrgagestinal syndrome. The

actuarial survival curves were drawn by the KapMeier method (Fayers, 1985).

The experimental details are as follows:

Animals were randomized into the following weigh&tthed (22-25gm)
experimental groups:

i) Control (n=10)

i) IR (7.5 Gy) (n=10)

iii) 1L-6 single dose + IR (10ng/mice) (n= 10)

iv) IL-6 multi dose + IR (40ng/mice.) (n= 10)
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3.2.33 Peripheral blood counts

IL-6 was administered intramuscularly, 2 hrs ptimra whole-body radiation dose of
7.5 Gy or 2 Gy. Blood was withdrawn from the rebmital sinus of mice from
different groups using a glass capillary in 1.5enitrifuge tubes containing 10 pL of
5mM K,-EDTA at 01, 03, 07, 14, 21 and 28 days post-treatmBlood was allowed
to mix thoroughly on a rotary shaker, and completeod cell counts were taken
within 30 minutes of blood collection using autoetathaematology analyzer
Eurocount Plus (Medsource biomedicals, India). &halyzed parameters included
total white blood cells (WBCs), lymphocyte numbgranulocyte number, RBC and

platelet count and Haemoglobin (Hb).

3.2.34 Bonemarrow cellularity by enumeration of cell number

Animals were sacrificed by cervical dislocation. tlBdemurs of the mice were
dissected out by cutting just above the pelvictja@nsuring that the epiphysis is intact.
The bones were then cleared off the residual mussiley lint-free tissue paper and
trimmed at both the ends to expose the centralawashaft. The contents of the bone
were flushed with 2 ml of PBS containing 2% FBShgsl ml syringe with a 26%2 G
needle and collected into a 15 ml centrifuge tuldes(bones should appear white, once
all the marrow has been expelled out completeljierAnaking single-cell suspension,
cells passed through @M nylon mesh strainer (BD, USA) to remove any dgbri
followed by centrifugation and lysis of the red dudocells by incubating with 1X RBC
lysis buffer for 2 minutes at 4°C. Cells were wakheice, and the pellet was re-

suspended in 1ml of PBS by gentle pipetting a femes to prepare a single-cell
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suspension. The number of nucleated cells weredbented using a haemocytometer

(Neubauer's, Marienfeld, Germany) and expressed&&/ml.

3.2.35 Bonemarrow cellularity by morphological analysis

Femurs were dissected out from the experimentahalsi as described above for
observing the alterations in the bone marrow cality. The bones were fixed in 10%
buffered formalin for at least 24 hrs at room terapge. The bones were then washed
thoroughly with tap water, decalcified in 15 volusr(e15ml/ femur) of 10% KEDTA
(pH 7.2- 7.4) for 10-12 days at room temperaturke THecalcifying solution was
changed every alternate day. The decalcificatiacgss was complete when the bone
was easily penetrated through by a needle withoutf@rce. Then paraffin-embedded
bones sectioned longitudinally at 5Sum thicknessigisi microtome. Afterwards, the
bone samples were washed in running tap water dgfmceeding with the staining
procedure. After de-waxing and rehydration, the Udersections were stained with
haematoxylin and eosin and observed by bright freidroscopy at 10X and 40X

magnifications under an Olympus (1X51) microscojepén).

3.2.36 M easur ement of spleen size, spleen massindex and spleen histology

At day 03 post-treatment, every individual mousenrirall groups was weighed prior
to being sacrificed. The animals were dissectedespexcised and washed with PBS,
blotted dry on a tissue paper to dry the wet serfand weighed immediately. Spleen
length was measured using a centimetre-scale, hedspleen was weighed in
milligram scale. Spleen index was calculated byiditng spleen weight with body

weight. For spleen sectioning, the excised spleas fixed in 10% buffered formalin,
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and the paraffin-embedded spleen was sectioneddmally. After de-waxing and
rehydration, the spleen sections were stained Wwdkmatoxylin and eosin and
observed by bright field microscopy at 4X, 10X a#@lX magnifications under an

Olympus (IX51) microscope (Japan).

3.2.37 Stem Cell enumer ation in bone marrow

Femurs were harvested from the experimental aniata®sl hrs post-irradiation. The
bone marrow cells were collected as describedegarli section 3.3.34. Further, the
RBCs were lysed by treating with ice-cold 1x RBGidysolution for 2 minutes on
ice. Then, washed 2 times with cold PBS+2%FBS gwmiutfollowed by counting
prior to staining. Around 5xf6ell population was stained with biotin labelleteiage
(Lin) cocktail (BD biosciences) along with anti-SCA1-PE-CY7 (BD), anti-cKIT-
PE-CY5 (BD) and anti-CD34-FITC (eBiosciences) (aodly dilution 1ul/16cells) in
PBS plus 2% FBS solution (100ul) and incubatedcerin the dark. After 20 minutes
incubation, the extra stain was washed off by wagh times with cold PBS
followed by incubation with PE labelled streptawidd stain biotin labelled lineage
cells for 10 minutes on ice in the dark. To idgnttie live and dead population, cells
were also stained with Dapi. After proper washieg|s were analyzed by FACSAria
[l cell sorter (Becton Dickinson, USA) using a bland violet laser. At least 20,000
cells of the gated population were acquired forhesample. The gating strategy

followed to identify stem cells is illustrated beto
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Figure 3.3: Gating strategy for hematopoietic stem cell (HSGpuwation selection (Lin-,
SCALl+, cKit+, LSK cells) along with the short te{®T) or long term (LT) HSC. These dot-
plot and quadrant graphs obtained from the unsdaonatrol sample.

3.2.38 y- H2AX foci formation in PBMCs

Mice were subjected to a WBI of 2 Gy, 2 hrs afte6ladministration. DNA damage and

repair were assessed by visualizing and quantityiag-H2AX foci formed in peripheral

blood mononuclear cells (PBMCs) after 1, 4, andhgg of irradiation. Blood was

collected into heparinized 1.5ml centrifuge tube#Miedia, India) by puncturing the

retro-orbital plexus and PBMCs were isolated agtgefollowing protocol:

1. 500 pL blood was mixed in 1:1 ratio with an equallvme of PBS.

2. The diluted blood was slowly layered on top of 2(dduble of diluted blood) of

Histopaque®-1083 (Sigma- Aldrich, USA) containedairl5 ml centrifuge tube,

minimizing any mixing of blood with Ficoll.
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3. The tubes were centrifuged at 5009 for 30 minut&fiC, without brakes.

4. The top layer of plasma was carefully removed asdaided, and the buffy coat
layer (containing the PBMCs) seen at the plasmalFinterface was collected
(avoiding the Histopaque underneath) into a newnlLéube.

5. The cells washed twice with three volumes of PBSspining at 200g for 10
minutes at 28C to remove the contaminating Ficoll/ plateletsispha proteins.

6. The final pellet was then re-suspended in 1ml P&&| cells counted using a

hemocytometer.

About 1x16 cells were evenly spread on clean, poly-L-lysine-goated (with 0.01%,
Sigma- Aldrich, USA) glass slides and left undibeot for 20 minutes at°@ to
adhere. Excess cells were discarded by shakingheffsuspension, followed by
fixation and permeabilization with chilled Acetongethanol (1:1) solution for 20
minutes at -20°C. The similar protocol was followesl discussed in section 3.2.25.
Each slide was pre-scanned under 10X objectivevi@t! byy- H2AX foci counting

at 63X magnification in an automated Metafer micope (MetaSystems, Germany)
using the MetaCyte- H2AX foci scan software. About 500 nuclei werasced to

determine the frequency ¢f H2AX foci as well as the number of foci per cell.

3.2.39 Assessment of cytogenetic damage (Micronuclel Induction) in bone marrow

For the MN assay, mice (irradiated with 2 Gy withwathout IL-6 administration) were
euthanized to isolate the femurs, and the boneowacell suspension was made as
described earlier under section 3.2.34. After deigation cell pellet was re-suspended
in 500 pL of PBS. Out of that, 5 uL of cell suspensmixed with 5 pL of FBS and

was smeared on clean, dry glass slides. The aiddmears were then fixed with
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methanol for 5 minutes, washed with water andttefiry after soaking extra water on
tissue paper. Thereafter, slides were stained Matchst (1Qg/ml) satin in phosphate
buffer in the dark, at room temperature for 10 rfeésuThen, slides were washed with
PBS, mounted 1:1 v/v, PBS-Glycerol solution andeolesd under a fluorescence
microscope (Olympus IX51, Japan) at 40X magnifaratising a UV excitation filter.

One thousand cells were scored per group to cédctila M-fraction (MF).

3.2.40 Measurement of IL-6 levels

Anti-IL-6 ELISA was performed according to the méaturers' protocol (murine IL-

6 ELISA kit Affymetrix, eBiosciences, San Diego) serum samples collected at 1

and 2 hrs post IL-6 treatment. The brief contra@s follows-

1. Corning 96-well plate was coated with 100uL/wellaafpture antibody in 1X
coating buffer. The plate was sealed and kept &t overnight.

2. Next day, washed 3 times with 300 pL/well wash euffAt least soaked for 1
minute during each wash and the residual buffer rgasoved by blotting the
plate on absorbent paper.

3. Then, non-specific sites were blocked by 200uL/wieXl ELISA/ELISPOT
diluent for 1hr at room temperature.

4. 100 pL of sample/standard has been added per Voelty avith two wells of
blank (1X Diluent only) and was incubated overnigiit4° C for maximal
sensitivity. Next day again washed for a totaB¢f washes.

5. Then, 100pL/well of detection antibody was addedltr at room temperature.

6. After 3-5 washing, avidin-HRP (100uL/well) was adder 30 minutes at room

temperature followed by 5-7 washes with 2 minuteskieng time.
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7. Next, 100 pL/well 1X TMB solution was added for Ibinutes at room
temperature, followed by addition of 50 pL of sgmution.

8. The plate read at 450nm in a microplate readerdata were analyzed.

Composition of wash Buffer- 1X PBS with 0.05% Twezth

3.2.41 Protein expression analysisin animal tissues by Western blots

Bone marrow cells were recovered as described atiose 3.2.34. PBMCs were
isolated, as discussed in section 3.2.38. Spleen aué into pieces and crushed
between two frosted slides. The Gl tissues weghéid with PBS to remove intestinal
contents, and a small piece of tissue was chopffednal smashed. A single-cell
suspension was prepared from all type of sampldspassed through 7¢M nylon
mesh strainer to remove any debris (except PBM@d)lgsed in 200-500uL RIPA
buffer containing protease inhibitor cocktail. Sd@spwere incubated on ice for 45
minutes and sonicated for 30 seconds followed Ioyrifegation at 14000 rpm for 15
minutes at 4°C, and clear supernatant fraction® wellected and stored aB80°C.
After estimating the protein concentration with B€A method, the equal level of
proteins for each sample (40-50ug) was separat&@D&@iPAGE, which followed the

similar protocol as discussed in section 3.2.18.

3.2.42 Histological assessment of intestinal injury

At day 01 and 07 after irradiation, jejunal tisswege excised from the small intestine
(2 cm below the gastro-duodenal junction) of a mimin of 3 mice from each group.
The tissues were flushed with PBS to remove imtaktontents, immersion fixed in
10% formalin buffer at room temperature (20:1 voduof fixative) and embedded

vertically in paraffin (58- 6&C) following the standard procedure of tissue pragien
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(Humanson, 1961). 5 um cross-sections were staivittd haematoxylin and eosin
(H&E) after de-waxing and rehydration and analybgdright field microscopy under

Olympus (IX51) microscope (Japan) at 10X magniforat

3.2.43 Immunohistochemistry (IHC) for BrdU proliferation assay in Gl

Mice injected with Bromodeoxyuridine (BrdU) (100fudbm 10mg/ml) through intra-
peritoneal route 2 hrs before dissection. Gl sestiwere prepared as described above
at day 07 after irradiation and then deparaffinibgdsequential treatment with xylene
(3 times, 5 min each), 100% ethanol (2 times, 19 @aich) and 95% ethanol (2 times,
10 min each) followed by 5 minutes in water. Antigetrieval was done in 10mM
sodium citrate buffer for 5 minutes at°@5 this process was repeated twice and left
for cooling at room temperature. After antigen iexal, sections were rinsed with
TBST, permeabilized with 0.1% Triton X 100 for 10netes in a humidity chamber
and endogenous peroxidase activity was quenchéckating the parts with 3%J9-
(peroxidase block). Non-specific sites were blockgd5% BSA for 1 hr at room
temperature before incubating the sections witi &1tU antibody (diluted 1:100 in
1% BSA in TBST) for overnight at°@ in a humid chamber. Thereafter, articles
washed with TBST and incubated with FITC labelledondary antibody in the dark
for 1 hr at room temperature. Then, washed thritie WBST and counterstained with
Dapi to visualize nuclei. Finally, images were capt by fluorescence microscopy

under Olympus (IX51) microscope (Japan) using blue UV filters.

3.2.44 Biochemical analysis of Gl tissue
Malondialdehyde (MDA) and GSH levels in the gut eveletermined at day 1 and 7

post-irradiation by measuring the absorbance obweld product produced from
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TBARS assay and DTNB or Ellman's reagent respdgtivicne intestinal tissue was
flushed and rinsed thoroughly with PBS, blotted, @myd a small portion was weighed
and chopped off to homogenize further. Tissue hanate (10% (w/v)) was prepared
in ice-cold Tris-KCI buffer followed by centrifugan at 10,000g for 15 minutes at
4°C. This homogenate was further processed for TABRd GSH assay as the
detailed protocol discussed in section 3.2.14 a@d.8, respectively. Both MDA and

GSH levels were calculated as nanomoles per naliigof protein.

3.2.45 TUNEL Assay for cell death in Gl

Terminal Deoxynucleotidyl Transferase dUTP Nick Hrabeling (TUNEL) assay
was used to determine the fragmented DNA (a hakm&apoptosis) in the Gl tissue
by the In Situ Cell Death Detection Kit as per thanufacturer’s guidelines. Gl tissue
was harvested at 03 days post-irradiation and ekbdny flushing with PBS, minced
off to fine pieces followed by enzymatic digestiaith 0.1% Collagenase Type IV
(MP Biomedicals Inc., USA) prepared in HBSS with JaM CacC}, for 1 hr at 37C.
The digest solution was then passed through a 7egloon cell strainer to eliminate
any debris and further washed with HBSS. Aftempprang single-cell suspension,
100 pL of cell suspension (containing ~2 X t@lls) was mixed with 100 pL of
freshly prepared 4% PFA solution (final concentat?% PFA) and incubated for 1
hr at room temperature. After washing with PBSlscekere permeabilized with 0.1%
Triton X 100 in 0.1% sodium citrate) for 2 minutes ice. Again, cells were washed
and incubated in 50 pL of TUNEL reaction mixturerftaining fluorescein-labelled
nucleotides and terminal deoxynucleotidyl transferanzyme) for 60 minutes at°g7

in the dark followed by washing with PBS and figadkll pellets was re-suspended in
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500 uL PBS. The acquisition was made in flow cytaneFACSAria Il cell sorter

(BD, USA), and data were analyzed by the FACSDofawsare (BD, USA).

3.2.46 Statistical Analysis

Data were plotted using Origin 5.0 or Graph padmrsoftware, and the experimental
results were expressed as mean + SEM of three émdiemt experiments. Student’s t-
test and one-way or two-way ANOVA was used to ti& significance of any
differences between groups. Data of survival stdiere analyzed using the Kaplan-
Meier method followed by Mantel-Cox (log-rank) awvélicoxon tests for assessment

of significant differences. Results were considesigdificant at p < 0.05.
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CHAPTER 4
RESULTS

4.1 IL-6 induced STAT-3 signalling protects cells from radiation-induced
cell death and confersradio-resistance

Introduction

Protection of normal cells from radiation insultisnajor challenge in the field of radiation
biology and medicine. Nowadays, radio-protectiveerag) are of great interest for
application in radiotherapy and as civic health icied in accidental radiation exposures.
Although a plethora of compounds synthesized fir flarpose has demonstrated radio-
protective efficacyin-vitro, the majority of them failedn-vivo because of their acute
toxicity and short time window of the applicatidrhus, the search for a safe and effective
radio-protector that protects healthy tissues fradiation still exists. IL-6 is the multi-
functional cytokine controlling the humoral immuyniéind inflammation. In cancer cells, it
showed multi-functional behaviour by regulating tiplé signalling pathways of cell death
and survival. IL-6 induced therapeutic resistare@n obstacle for therapeutic gain in
cancer patients. However, its mechanism causingo-rasistance is un-explored,
particularly in healthy cells. Therefore, we testesl hypothesis if IL-6 can protect normal
cells from radiation-induced cytotoxicity. Becausk this, studies were undertaken to
evaluate their radio-protective potentiaVitro. We treated RAW264.7 cells with IL-6 1-2
hours (hrs) before irradiation (IR) and examinezldall survival, proliferation, antioxidant

defence mechanism and cell death.

4.1.1 Cytotoxicity analysisof Interleukin-6

Drug dose-response relationships are essentiadalyze for a new drug or molecule

either from a natural source or synthesized whilgeasing the safety and effective

96



Chapter 4

concentrations of drugs. Therefore, cytotoxicitysvaudied in multiple cell lines of

different nature and origin, i.e. hematopoietic {R264.7), gastrointestinal (INT407,

IEC-6), and fibroblasts (NIH3T3). Here, we perfodn8ulphorhodamine B assay, a
well-known cell proliferation assay, which is basen estimating the total cellular

mass (Orellana & Kasinski, n.d.). IL-6 concentratian the range from 0.1ng/ml to

10ng/ml were analyzed to identify the best conegimn for further experiments

(Fig;4.1.1). Cells were grown in respective IL-6ncentration, and SRB assay was
performed at 48 hrs post-treatment. Results oldafiren different cell lines showed

no cytotoxicity at any concentration used in alifaell lines; however, there was
marginally higher but statistically insignificantgtiferation.
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Figure4.1.1: Sulphorhodamine B assay for drug-dose respons@WX54.7, NIH3T3, IEC-

6 and INT407 cells. SRB assay carried out at 48pbst-irradiation using different
concentrations of IL-6 (0.1-10 ng/ml). Graph (OD03dm) plotted, and treatment groups
were compared with their respective control. Davin{s represent mean + S.E.M from 3
independent experiments at 48 hrs.
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4.1.2 Examination of Radio-protective potential of IL-6 in variouscelular models
4.1.2.1 SRB assay

Our next aim was to select the safe dose rangeL-& &t which it shows its
maximum radioprotection. Since IL-6 was safe betw#® range of 0.1ng/ml to
10ng/ml, we further validated the efficacy of IL#& different concentrations
ranging from 0.1 to 10ng/ml in multiple cell lin€AW264.7, NIH3T3, IEC-6 and
INT407 at a respective LD50 radiation dose of eeelh The LD50 radiation dose
for RAW264.7 is found nearly 2 Gy, for NIH3T3 andQ-6 it is 4 Gy, and for
INT407 it is almost 6 Gy. In this study, the humiatestinal epithelial cell line
INT407 was found to be relatively most radio-remmt among the investigated
cellular models. The cells were incubated withgpeetive concentration of IL-6 for
2 hrs before radiation exposure; then the SRB asses/ performed at 48 hrs to
investigate the efficacious dose of IL-6. Resuftsvged a significant increase in cell
number after radiation exposure at both 1 and IBhdL-6 as compared to
radiation alone (Fig;4.1.2A-D). Further to confirthe gold standard cell counting
method of growth kinetics assay was performed uraesimilar experimental
condition at 48 hours to analyze and validate tifieazious concentration range of
IL-6. The result showed maximum radioprotectioriag/ml of IL-6 concentration

(Fig;4.1.2E). Thereafter, 1ng/ml IL-6 was useddbrfurther experiments.
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Figure 4.1.2: (A-D) Sulphorhodamine assay to identify the effioas dose of IL-6 for
radioprotection in RAW264.7, NIH3T3, IEC-6 and INJZcells. SRB assay carried out at 48
hr post-irradiation using different concentratioof IL-6 (0.1-10 ng/ml) combined with
radiation (E) Growth Kinetics assay was performgdimat 48 hrs in RAW264.7 cells to pick
the best concentration of IL-6. Star shows sigaiiie w.r.t. the control group and # show
significance w.r.t. to the IR group. Data pointpresent mean = S.E.M from 3 independent
experiments.
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4.1.2.2 Growth kinetics

Radiation-induced cell growth inhibition due to fpebed cell cycle progression and
cell death, is the major limitation for cell suraiKim et al., 2019). Cells were pre-
treated with IL-6 (1ng/ml) followed by irradiatioand then enumerated at various
time points (24, 48 and 72 hours) post-treatmeimguan improved Neubauer's
chamber. In all three cell lines (RAW264.7, NIH3Td@aNT407 cells) IL-6 treatment
prior to irradiation reduced the effect of radiatimduced cell growth inhibition
observed by a substantial increase in cell numbst-ipradiation compared to their
respective control groups. Assessment of growtletiga from 24-72 hrs indicated
that radiation inhibited the cell proliferation @il the cell lines studied. In NIH3T3
and INT407 cells, this inhibition was more pronoeti@t 72 hrs while in RAW264.7
cells, which are relatively more sensitive and fasiliferating, this inhibition was
evident at 48 hours. In RAW264.7 cells, irradiatied to a 50% reduction in cell
number at 24 hrs, which was restored up to 50%&rg with IL-6 treatment. The
48 hrs count (in a million) was 1.55+0.049, 1.7&83 in control and IL-6 groups
while 0.635+0.025 in radiation alone and 0.925029M in IL-6 treated irradiated
group (Fig;4.1.3A). Similarly, the 72 hrs countMfH3T3 cells was 1.98+0.158 and
2.01+0.062 while 1.34+0.017 in radiation controldah.65+0.079 in IL-6 treated
irradiated groups (Fig;4.1.3B). INT407 cells alsspthyed the same pattern with cell
number as 1.07+0.102, 1.007+0.097 in Control growgsle 0.39+0.024 and

0.52+0.062 in IR and IL-6+IR groups (Fig;4.1.3C).
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Figure 4.1.3: Growth kinetics assay, radiation-induced cell gtowthibition (A-C) Cell
number quantified from 0-72hrs at a single dosé_eé8(1ng/ml), given 2 hrs prior to IR in
RAW264.7 (A), NIH3T3 (B), and INT407 cells (C), aptbtted as a line graph. Inset graph
represents the cell no. at a single time pointAa8irs) for better understanding. Data points
represent mean = S.E.M from 3 independent expetsn&np<0.05;

4.1.2.3 Clonogenic cell survival assay

Clonogenic assay is the technique to determine rgroductive death after exposure to
ionizing radiation. Only a fraction of seeded ceditain the ability to produce colonies
(Franken, Rodermond, Stap, Haveman, & van Bree5)20bis assay is the best method
to checkin-vitro cell survival which exploits the capability of mgle cell to propagate
into a colony. The effect of IL-6 on the radiatimluced loss of clonogenicity was
assessed from the dose-response curve of theaftellsexposure to different absorbed
doses of gamma radiation (1Gy to 8Gy) in all theelelines following pre-treatment with
the IL-6 (Ing/ml) (Fig;4.1.4). The results of radimdification studies with the IL-6
indicated that IL-6 significantly enhanced the sting fraction (SF) of RAW264.7 cells
at radiation dose from 1-6Gy. However, it did nodtect the same cell line from
radiation-induced loss of clonogenicity at high@ses (LD90). On the other hand,
INT407 cells and NIH3T3 cells showed a significardrease in S.F. at doses 2-8 Gy.
The S.F. values of different cell lines after expeso radiation in the presence/ absence

of the IL-6 are presented in table (4.1.1).
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Table4.1.1: Surviving fraction (SF) values of different cefls different radiation doses

CdlLines | 'RDoOse 0 1 2 4 6 8
(Gy)
IR Control | 1 0756 | 0544 0138| 002488  0.00303
RAW264.7
IL-6+IR | 1.143 | 0876 | 0734*| 0219*| 004532 0.00417
IR Control | 1 0854 | 0596 0.371 0.174 0.048
NIH3T3
IL-6+IR | 1.053 | 0.954*| 0709%|  05* 022% |  0.081*
IR Control | 1 0867 | 0.601 0.267 0.117 0.037
INT407
IL-6+IR | 0985 | 1.01* | 074* | 0371*| 0188*| 0.052*
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Figure 4.1.4: (A-C) Radiation dose-response in RAW?264.7, NIH3T3, and INT407 cells.
Surviving fraction was plotted against increasingel of radiation dose (1-8 Gy). Star shows
significance w.r.t. IR group. Data points represemtan + S.E.M from 3 independent

experiments.
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IR(Gy): 0 1 2 4 6 B

IL-6 (1ng/ml)

Figure 4.1.4 (D) Representative images of Macro colony formationINT407 cells at
increasing radiation doseSells were seeded in increasing number with inangasdiation
dose. Controls and 1 Gy groups had 100 cells per ftate, 200 for 2 Gy, 400 for 4 Gy, 600
for 6 Gy and 800 cells for 8 Gy. Colony formati@iserved at 12-14 days.

4.1.3 Cdl proliferation and cell cycle distribution:

The flowcytometric DNA content analysis was carged from 2-48 hrs post-IR to analyze
the radiation-induced cell cycle perturbation, @etl cycle checkpoint activation along
with radiation-induced growth inhibition in IL-6etated vs untreated RAW264.7 cells. The
results revealed that exposure to 2 Gy IR causggdicant increase in S phase block at 2
hrs which progresses with time to appear as lgigaSe block at 4 hrs (Fig;4.1.5A). The S
phase block initiated just at 2 hrs post-irradiafiollowed by prominent G2/M block at 4
hrs and gradually resolved till 16 hrs. The IL+@&-peated cells showed relatively less
number of cells in radiation-induced S-phase blatiereas a massive difference in SubG1
population was observed, which indicates apoptotits. Bar graph representing the

SubG1 population in all groups at different timenpo(Fig;4.1.5B).
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Figure 4.1.5: Effect of IL-6 on cell cycle perturbations causedrhdiation (A) DNA flow
cytograms showing cell cycle distribution in RAWZ2BZ£ells at indicated time points after
irradiation.(B) Bar graph represents percent population in theGllphase of the cell cycle
from 0-48 hrs. Star shows significance w.r.t tolfRegroup.

IL-6 induced enhanced survival and proliferationramliation treated samples have
been further strengthened by assaying cell pralifen through Carboxyfluorescein
succinimidyl ester (CFSE) labelling. The CFSE l&gkicells were grown after IL-6
and radiation treatments and evaluated by flow rogioy (Fig;4.1.6). The
fluorescence shift (shown by overlay graph) at 48 ie representing proliferation
(Fig;4.1.6A). The cells displaying high fluorescerare signifying low proliferation.
Thus, the visibly high fluorescence in IR and cameloi treatment (IL-6+IR) groups
indicating low proliferation with respect to contgroup (Fig;4.1.6B). However, the
fluorescence of IR was significantly high as congparwith IL-6+IR, which
represents a slow rate of proliferation due todiaion which was conquered by IL-6
treatment. The primary regulator of cell survivatlapoptotic inhibitor, Survivin was
probed at 4 hrs post-irradiation (Fig;4.1.6C). #igant changes were observed in IL-

6 treatment groups with respect to sham irradiatedi irradiated group. Cdk/Cyclins
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are the essential proteins required for cell cyslegression and division. Here, we
checked the levels of cyclin D1 and found upregulah IL-6 pre-treated, radiation-
exposed cells (Fig;4.1.6C). This data suggestlthétpre-treated cells showed faster
proliferation after radiation exposure as compdeedntreated cells, could be due to

IL-6 induced enhanced proliferation, or reduced dehth.
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Figure 4.1.6: Cell proliferation assay (A) Overlay histogram regents the fluorescence shift
with increased proliferation in samples. (B) Medumofescence intensity (MFI) as derived
information from histogram plotted as bar diagram24 and 48h.(C) Immunoblots of

Survivin and Cyclin D1 and their respective quatiite analysis is represented as bar
diagram (D&E) Beta Actin was used as the loadingtr. Data points represent mean +
S.E.M from 2 independent experiments.

4.1.4 1L-6 recuperate redox balance altered by radiation
4.1.41ROS (reactive oxygen species) kinetics: IR is known to induce the

generation of intracellular ROS through radiolysisvater (Hall and Giaccia, 2006).
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As described earlier, ROS may lead to cell deatbutjh damage to DNA and
oxidation of other macromolecules and subsequeitagion of signalling pathways
related to cell death. We, therefore, investigaltedeffects of IL-6 on the modulation
of radiation-induced ROS generation by using CM-IGHDA - a ROS indicator
probe. The dye passively diffuses in cells, and réduced non-fluorescent dye is
oxidized to a fluorescence compound 2’, 7’—dichflurarescein (DCF) by cellular
ROS. The fluorescence produced is directly propoai to the amount of oxidized
DCFDA to DCF or ROS. Fluorescence microscopic insagee showing that green
colour fluorescence was increased after irradiatibreells as compared to control
cells. Spectrofluorometric study in RAW264.7 cedisealed the ROS kinetics from 0
to 48 hrs post-irradiation. Radiation (2 Gy) inddia@n oxidative burst immediately
after exposure, evidenced by approximately 1.6 fotdease in total ROS at O hr.
ROS levels again rise to 2 fold at 4 hrs followsdabdip at 12 hrs and then again a
profound ROS burst of 3-5 folds higher than contvak noted between 24 to 36 hrs.
ROS level was returned to normal at 48 hrs poatiation (Fig;4.1.7A&B). This is
clear from our and other studies that IR not delgds to the generation of ROS
derived from water radiolysis, immediately afteradiation but it also uses other
biological sources to derive secondary and delaygiosequent ROS burst after
several hours of exposure. The secondary geneB®8& have a variety of
physiological functions, including apoptotic sidimad, which ultimately affects
cellular integrity and survival (Sharma, Jha, Dub&yPessarakli, 2012). IL-6 pre-
treatment significantly reduced the delayed ROSstwnd avoided the later
consequences. However, it does not counter thatradiinduced first ROS burst.
Typically, electron leak from mitochondrial eleatrtransport chain (ETC) complexes

to molecular oxygen results in the generation gfesaxide radical (O2) and other
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derivatives in mitochondria. Radiation-induced waiibance in mitochondrial
bioenergetics also contributed to enhanced mitoghain ROS production and
delayed oxidative stress (Jezek, Cooper, & St2€1,8). Therefore, we analyzed the
mitochondrial ROS 24 hrs post-irradiation (Fig;4D). IR exposed cells showed 1.4
fold increased mitochondrial ROS as compared tdrobmhile; IL-6 pre-treatment

significantly brought it down to the normal levél 1 fold with respect to control).
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Figure 4.1.7: Modulation of radiation-induced ROS after IL-6 greatment in RAW264.7
cells. (A & B) Total ROS kinetics estimated usinfGHi2DCFDA (10ug/ml) from 0-48 hrs
post-irradiation. (C) Photomicrograph is showingakdROS as DCF fluorescence at 24 hrs
after radiation exposure. (D) Mitochondrial ROS 2 hrs post-irradiation analyzed by
Mitosox Red. Star shows significance w.r.t. thetmargroup and # show significance w.r.t.
to the IR group. Data points represent mean + Sfitol 3 independent experiments.

4.1.4.2 Assessment of radiation-induced macromolecular oxidation: An imbalance
between the overproduction of ROS and the celltsodidant defence machinery is

central to irradiation-induced cellular damage ilegdo apoptosis (Lee et al., 2007). We,
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therefore, measured the levels of Malondialdehii®A), protein carbonyl content and
8-hydroxy-2' -deoxyguanosine (8-OHdG) for lipid,of@in and DNA oxidation,
respectively as markers of oxidative stress-indudathages. RAW264.7 cells were
irradiated with 2 Gy IR dose, and the lipid peration marker MDA was measured at 4
and 24 hrs post-irradiation (Fig;4.1.8A). There wadight increase at 4 hr post-irradiation
however, a significant, 2 fold increase in MDA leveas observed at 24 hrs post-
irradiation. IL-6 pre-treatment reduced the radiainduced MDA levels, nearly to the
normal levels in combined treatment. The lipid p&tation values were expressed as
nanomoles of malondialdehyde (MDA) per mg of pruotei

Further, we checked the carbonyl content of protaimarker of protein oxidation
(Fig;4.1.8B). Protein carbonylation is irreversiligidative damage, often leads to
loss of protein function (Dalle-Donne et al., 2000ur study indicated that radiation
causes a robust 3 fold increase (15.82+2.910 Vv&tB.073 nanomoles/mg protein) at
4 hrs time point, which further increased to appréxfold increase (36.20+0.390
nanomoles/mg protein) with respect to control ah&tpost-irradiation. However, IL-
6 pre-treatment to irradiated cells significantiduced the protein carbonylation by
approx. 35% at 4 hrs and 60% at 24 hrs post-irtiiathe corresponding values are

10.62+ 0.89 and 14.56 +2.468 nanomoles/mg respaygtiv

In the series of macromolecular damages causeddigtion, DNA oxidation is also a
very important parameter to analyze radiation-ieduenacromolecular damage. The
deoxyguanosine residue of DNA gets hydrolyzed a8 @eosition to form 8-
hydoxyguanosine (8-OHdG) by various oxygen radmralducing agents like gamma
radiation (Gao et al., 2019). The RAW264.7 cellsenieradiated with 2Gy of radiation

dose and DNA isolated at 1 and 4 hrs post-irramiatid analyze the levels of 8-OHdG
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using competitive ELISA kit. The irradiated DNA sples showed 5 fold higher 8-OHAG
level compared to un-irradiated control both andl 4 hrs after irradiation which were
estimated as 27+0.169 pg/ug and 15+0.149 pg/ug\# spectively (Fig;4.1.8C). IL-6
pre-treatment to irradiated cells significantlyueed the 8-OHdG content to 20.31+0.203
(approx. 30%) and 12.82+0.020 pg/ug of DNA at 1 4rids, respectively. It is essential
to know here that IL-6 treatment alone also shoavetarginally higher level of 8-OHdG
(8.55+0.70 pg/ug of DNA), which could be due tatiekly high ROS levels as compared

to control in IL-6 treated sample (Fig;4.1.7A).
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Figure 4.1.8: Assessment of macromolecular damage after irradigi) Lipid peroxidation
measured as MDA content at 4 and 24 hrs post-IRP(Bjin Carbonyl content nmol/mg protein
at 4 and 24 hrs post-IR (C) DNA oxidation measurdrbg 8-OHdG content at 1 and 4 hrs post-
IR. Star shows significance w.r.t. the control gramd # show significance w.r.t. to the IR group.
Data points represent mean + S.E.M from 3 indeperelg@eriments.
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4.1.5 Evaluation of IL-6 induced Antioxidant defence mechanism:

IL-6 is not an anti-oxidant molecule, which canedity suppress the radiation-
induced ROS. Therefore, we studied the mechanisnowfIL-6 modulates the redox
balance in radiation-induced oxidative stress; equoently, it is crucial to study the
underlying defence mechanism. We estimated thé amtzoxidant capacity of cells
under similar experimental conditions. A signifitadecrease in total antioxidant
capacity in radiation sample was noted as 0.7440t6Rl at 4 hrs and 0.76+0.019 at
24 hrs compared to un-irradiated control (Fig;4A)-%However, IL-6 pre-treatment

was able to maintain the total antioxidant capaaitipoth the time points.

The major antioxidant defence molecule, Glutathi¢g@&SH) efficiently scavenges
free radicals like ROS and RNS moieties either atiyeor indirectly through
enzymatic reactions. Notably, the thiol group ofHG@educed glutathione) is very
crucial for its antioxidant role, and in the dirsctavenging of free radicals (Aquilano,
Baldelli, & Ciriolo, 2014). Therefore we checkedethevels of glutathione after
irradiation and IL-6 treatment. Cells were treavath IL-6, followed by irradiation
and harvested at different time points to estinfagdevels of reduced glutathione at 4
and 24 hrs post-irradiation. IR significantly dexsed the GSH levels at 24 hrs post-
irradiation while there was noted only a slight @p 4 hrs. However, IL-6 pre-
treatment maintained and strengthened the GSH deaél both 4 and 24 hrs
(Fig;4.1.9B). The corresponding values at 4 hrs2ade0.04 of control, 2.6+£0.25 of
IL-6, 2.2+0.06 of IR alone and 2.6+0.14 of IL-6 pliR. At 24 hrs, radiation alone
has 2.31£0.1 and IL-6 plus IR have 3.2+0.04. Valvese expressed as nanomoles/ug
protein. This data suggested that IL-6 mediatedagien in GSH levels at 24 hrs

post-treatment, played an essential role in redogehe cells from radiation-induced
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oxidative stress. GSH is also known to involve l tdetoxification of products
derived from ROS mediated oxidation of lipids suah Malondialdehyde and 4-
hydroxy-2-nonenal (4-HNE) (Aquilano et al., 201#herefore, increased GSH level

is probably the reason for reduced macromolecw#arate (Fig;4.1.8).

Being the crucial enzyme of antioxidant defence mecsm superoxide dismutase
activity is requisite to make out the role of ILir6oxidative defence mechanism. The
superoxide dismutase enzyme converts the highlic teuperoxide radicals to less
toxic hydrogen peroxide, and its increased actiistyshown to be radio-protective
(Petkau, 1987). SOD activity declined to half 436.244) just after 4 hrs post-IR as
compared to control (1+0.053), and IL-6 pre-treatimin irradiated samples
maintained the SOD activity up to the control le(@98+0.11). Further, at 24 hrs,
nearly 1.7 fold and 2.6 fold significantly high SQ@ibtivity were estimated in IR and
combined treatment with respect to control (Fig@C). Apart from enzymatic
studies, protein expression of SOD2 (manganesaaxige dismutase, MNSOD) was
estimated at 24 hrs post-IR, under similar expemialeconditions. Immunoblot
results were in line with the enzymatic activity tftal SOD, showed 2.5 fold
reduction in SOD2 levels in IR alone group, whicaswecomparable to control in IL-6
plus IR group (Fig;4.1.9D). The high levels of SOD2IL-6 treated irradiated in
contrast to IR alone cells also suggested mitoctiahgrotection. The analysis of
Nrf2 levels under similar experimental conditiorfsowed that IL-6 induces Nrf2
signalling, which may be contributing to the mairaace of redox balance in
radiation-exposed cells (Fig;4.1.9D). The Nrf2 exgwmion was 1.4 fold in IL-6 alone,
1.6 fold in IR and 3.1 fold in IL-6 plus IR groupitv respect to the untreated control

group at 24 hrs post-IR. Radiation is known to melWNrf2 levels; however, IL-6
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induced Nrf2 is not known. The up-regulated Nrft@gested the activation of Nrf-2

mediated anti-oxidant defence.
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Figure 4.1.9: IL-6 induced modulation of antioxidant capacity pwsadiation (A) Relative
fold change in total antioxidant capacity at 4 &ddhrs post-IR (2Gy). (B) Graph showing
reduced glutathione (GSH) levels calculated as asiog protein. (C) Relative fold change in
superoxide dismutase activity at 4 and 24 hrs [RgRGy). (D) Immunoblots of SOD2 and
Nrf2 at 24h post IR. Star shows significance wthé control group and # show significance

w.r.t. to the IR group calculated by paired Stutietitest. Data are expressed as mean + SD
(n = 4) *#p <0.05

4.1.6 Modulation of ionizing radiation-induced Cell death by IL-6
It is established from decades that IR exposuggerns ROS production, and the
resultant oxidative stress is due to an imbalarete/den the overproduction of ROS

and the cellular antioxidant defence machinery Wicpivotal in irradiation-induced

cellular damage and thus, apoptosis (Lee et ad7R2@herefore, our next aim was to
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study the radiation-induced cell death parametBreliminary observations were
made by dual staining of the cells with acridinarge and ethidium bromide (1:1)
after 24 and 48 hrs of irradiation. The AO/EtBrisitag results were correlated with
growth kinetics at 24 hrs (Fig;4.1.3A). Radiatiotoree clearly showed more
population of orange-red colour stained cells deaiad as apoptotic and necrotic
cell population (Fig;4.1.10A). The number of duaisiiive cells (AO+EtBr) was

significantly higher in the radiation alone group eompared to IL-6 pre-treated

irradiated group in both the time points.
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Figure 4.1.10: Analysis of radiation-induced apoptosis and its wation by IL-6 using
Acridine Orange/ Ethidium bromide staining for ligad dead cells (A) in RAW264.7 cells at
24 and 48 hrs post-IR. Green fluorescent cellslimeewhile the orange colour represents
dead cells. (B) The graph plotted between groupsvsty the number of AO/EtBr +ve cells
per view in RAW264.7 cells. The total of 10 viewasvanalyzed to compute this data. Star
shows significance w.r.t. the control group andh#ve significance w.r.t. to the IR group
calculated by paired Student’s t-test.

Next, we performed the quantitative validation efl death induction by analyzing
phosphatidylserine externalization using flow cy&im with annexin-V-Alexafluor
488 and propidium iodide staining, which differemgid the early and late apoptotic

cell population. The cumulative apoptotic and ngécrpopulation was approx. 62% in
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radiation alone group with respect to IL-6 pre-teghirradiated group, having 46%
(Fig 4.1.11). Here, the RAW264.7 cells showed ghsly higher percentage (12-13%)
of annexin-V and PI (dual positivity) in control clL-6 treated samples, though
which is very low compare to irradiated cells. Thercent apoptotic or dying
population estimated by highly sensitive AnnexinVd8say was much higher than
the EtBr/AO staining, however, the significant retion in radiation-induced cell

death offered by IL-6 was found similar, by thetboell death analysis assays.
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Figure 4.1.11: (A) Flow cytometric analysis of cell death by Anime¥/-Alexa Fluor and PI
staining in RAW264.7 cells treated with IL-6 and (RGy). The values given in quadrants
represent the % cells in that particular quadradit Total apoptotic cells (early+late)
percentage shown by bar graph in the right parte. 8xperiment was performed 3 times in
triplicates. Star shows significance w.r.t. thetcoingroup and # show significance w.r.t. to
the IR group calculated by paired Student’s t-test.

Further radiation-induced apoptosis was confirmgdhe fluorescence microscopic
evaluation of caspase 3/7 activity and by westdottibg of cleaved caspase3 and
PARP1 (poly [ADP-ribose] polymerase family, memtgr (Fig;4.1.12A&B). The

Caspase 3 and 7 are serine proteases, which detsted on cell death activation,

and its activity is considered an important mark#r cell apoptosis. In this
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fluorescence assay, the activated caspase3/7 dibestpeptide given, into a
fluorescent peptide. Therefore, the cells with kirigreen nuclei represent activated
caspase-3/7 in apoptotic cells, while the non-apaptcells (without activated
caspase 3/7) carried no or very minimal fluoresegmhal (J. Zhang et al., 2013).
Further, the protein expression analysis of cleaasgpase and PARP confirmed the
radiation-induced apoptosis. However, the extentadiation-induced cleavage was
considerably down in IL-6 pre-treated cells, sugiggsa low number of apoptotic
cells in IL-6 pre-treated sample (Fig;4.1.12A&B)hi3 data further validates the
results obtained by cell death assays that IL-Gmiges radiation-induced cell death.
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Figure 4.1.12: Analysis of apoptotic markers (A) Caspase 3/7 dgtivisualized by Cell
Event™ Caspase-3/7 detection probauh) at 4hr post-irradiation. Images captured at 10x
magnification in both white and fluorescence li¢la} Immunoblots of PARP and Caspase 3
cleavage at 4 hrs post IR. Beta actin was the topdontrol.

Moreover, other markers of apoptosis, like p53,,pBax was also found to be
increased in the radiation treatment group witlpeesto un-irradiated (Fig;4.1.13A),
however IL-6 treatment appreciably resist the iaseein these pro-apoptotic proteins.
The balance between pro-apoptotic and anti-ap@pfoidteins is essential for the
apoptotic decision, the ratio of pro-apoptotic ndi-@poptotic factors is increased with

oxidative stress, but the IL-6 pre-treatment matgrathis ratio in favour of anti-
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apoptotic signalling, leading to cell survival. 8_treatment not only decreases the
expression of pro-apoptotic proteins but simultarsdo increase the expression of
anti-apoptotic proteins (Bcl2, Bcl-xl, Mcl-1) (F#1.13B). The Bcl2/Bax ratio was
also significantly increased after IL-6 treatmewvident as 1.37+0.08 fold in the IL-6
treatment group, 1.84+0.092 fold in IL-6 treatmepitis irradiation group and

0.76x0.151 in radiation alone group concerning kwrit.00+0.031 (Fig;4.1.13C).
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Figure4.1.13: Analysis of apoptotic regulators (A & B) Immunoldaif P53, P21, Bax, Bcl2, Bcl-

xl, Mcl-1 at 4 hrs post-irradiation. Values showrbietween the blots are the average fold change
value of densitometric analysis of 3 blots, noreeali with respectivg-Actin. (C) Relative fold
change in Bax/Bcl2 ratio. Datapoint derived fromdependent experiments.
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4.1.7 Role of STAT-3signallingin IL-6 mediated radiopr otection:

IL-6 induced STAT-3 activation is the main leadpathway that further regulates the
downstream proteins. In cancer cells, it is knoweduse chemo and radio-resistance
(Kumari et al., 2016). We performed a time-depender concentration-dependent
induction of STAT-3 phosphorylation (Tyr705) in theesence of IL-6. We observed
an increased level of phosphorylation with incregsioncentration of IL-6 from 0.1
to 10ng/ml. Moreover, we found phosphorylation 3A3-3 as early as 30 min post-
IL-6 treatment and remain phosphorylated up to 2 (Rig;4.1.14A). Further, alone
radiation treatment was not able to induce the SBAFhosphorylation at any time
point (Fig;4.1.14B). The pSTAT-3 levels were norinedl by STAT-3 and Beta actin.
STAT-3 after phosphorylation undergoes dimerizatod subsequent localization to
nucleus, where it triggers the transcription ofgédrgenes and regulates multiple
pathways. Therefore, we checked the translocatibopSTAT-3 to the nucleus.
Western blot analysis exhibited differential exgrea of pSTAT-3 in cytoplasm and
nucleus at 1 and 4 hrs post IL-6 treatment haviogenexpression in cytoplasm and
less in the nucleus at 1 hr or vice versa at 4Figg4.1.14C). Thus, it suggested the
activation and translocation of STAT-3 to the nuslewhich might result in the
activation of pro-survival signalling. Subsequent§TAT-3 mediated activation of
pro-survival signalling was confirmed by using aaphacological inhibitor of
pSTAT-3 (JSI 124). Cells treated with JSI 124 (1Q min prior to IL-6 treatment
prevented the IL-6 mediated phosphorylation of SIAThence, reverted
radioprotection (Fig;4.1.14D). Cells counted at W& post-irradiation showed
reduced cell number in JSI-124 plus IL-6 plus I&ated group compared to IL-6 plus

IR group as 0.405+0.031 and 0.60+0.05, respectivéijile untreated, IL-6 treated,
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and IR treated groups had 1.27+0.125, 1.30+0.085¢ &.43+0.053 cells

correspondingly (Fig;4.1.15A). STAT-3 inhibition thonly alters cell number, but it
also modulated pro and anti-apoptotic proteins esgion. The intensity of pro-
apoptotic proteins like cleaved PARP, cleaved Csesi Bax was reversed along
with anti-apoptotic proteins (Mcl-1, Bcl2, Bcl-xlafter JSI-124 treatment to IL-6 plus
IR treated group (Fig;4.1.15B&C). These resultsgasted the involvement of STAT-

3 signalling in IL-6 induced radioprotection.
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Figure 4.1.14: Activation of STAT-3 Signalling (A) Immunoblot of TRAT-3 phosphorylation
(Tyr705) at various concentrations of IL-6 (1-10n)/and at multiple time points (0.5 to 2
hour). (B) Immunoblot of STAT-3 phosphorylation eftIL-6 treatment (1ng/ml) and
irradiation (2Gy) (C) Immunoblot showing nucleaartslocation of phospho STAT-3 after IL-
6 treatment. (D) Immunoblot showing Inhibition off &T-3 phosphorylation by JSI 124
(10pM) given just 15 min prior to IL-6 treatmenBPAT-3 levels were normalized with total
STAT-3 levels. Lamin A and Beta actin were loadicantrols for nuclear and cytosolic
proteins, respectively.
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Figure 4.1.15: STAT-3 inhibition reverses the IL-6 mediated radimpction (A) The cell
number in control and treatment group was quadtiéie 48 hrs post-irradiation and graph
presented on a linear scale as cell number inanglion the Y axis. (B & C) Immunoblots
performed after STAT-3 inhibition. Star shows sfgi@ince w.r.t. the control group, # shows
significance w.r.t. to the IR group, and $ showggicance w.r.t. IL-6+IR group calculated
by paired Student’s t-test. Data are expressedeas + SD (n = 4) *p <0.05

4.1.8 Summary

This study summarizes as; IL-6 treatment phosphtegl STAT-3, a transcription
factor that enters to the nucleus and facilitate$ survival and proliferation by
reducing radiation-induced ROS generation, actvatiof antioxidant defence
machinery and modulates pro- and anti-apoptotitepme. The antioxidant defence

mechanism is probably via Nrf2 activation. Furthéne inhibition of STAT-3
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phosphorylation by JSI-124 results in loss of ST\ BRctivation and dimerization

followed by nuclear translocation. Hence, IL-6 na¢dd protection abolished, and

cells get sensitized to irradiation.

gpl30

1
“‘. \ l Y Bcl-2, Mscl::' i:;::.l-xl,
i N 7 Cell Death
i Bax, p53, p21, ¢
* W PARP cleavage,
MnSOD and Caspase 3 cleavage
other antioxidants
like GSH

Cell Death

Figure 4.1.16: IL-6 in resisting oxidative stress and cell dedthf-induced JAK/STAT-3

facilitates the translocation of STAT-3 in the rewd, which activates antioxidant defence
pathways such as Nrf2 and leads to reduction idatixie stress followed by macromolecular
damage. IL-6 signalling results in the enhancedresgion of anti-apoptotic genes (Bcl-2,

Bcl-xL, Mcl-1, survivin,etc.) and reduction in pegoptotic proteins (Bax, p53, cleaved
PARP and cleaved caspase).
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4.2 Interleukin-6 confers radio-resistance by inducing Akt mediated

glycolysis and reducing mitochondrial damagein cells

Introduction

Enhanced aerobic glycolysis is one of the promipdeinotypes of a majority of cancer
cells which facilitate proliferation and confer f@ction against death, besides energy
production (Bhatt et al., 2015). This induced glysis is one of the significant factors that
contribute to IL-6-induced therapeutic resistamcedncer. The cancer cells and also the
normal cells during various types of stress priltpadepend on glycolysis for energy
production even in the presence of oxygen, dueastef rate of ATP synthesis, this
phenomenon is known as Warburg effect (Warburgg)l98oreover, glycolysis over the
oxidative phosphorylation is the predominant pathwhenergy metabolism in all the
cells involved in the inflammatory response. Hericés clear that this phenomenon of
aerobic glycolysis, which was initially discoveriaccancer cells, is not restricted to cancer
cells only. Therefore we investigated metabolictdwioward glycolysis in RAW264.7
cells, we treated RAW264.7 cells with IL-6 and eksad the glycolytic flux. Increased
expression of MRNA and protein levels of key glytiolenzymes was observed after IL-6
treatment, which conferred glycolysis dependenstaatce from radiation-induced cell
death. We further investigated the role of IL-6-Algnalling in IL-6 mediated glycolysis,
and also studied the effect of IL-6 induced glys@yon radiation-induced mitochondrial
damage.

4.2.1 IL-6induces Glycolysis

We first tested if IL-6 can induce glycolysis iniRd64.7 cells. Thus we measured glucose
uptake using non metabolizing, fluorescent gluessdogue 2-NBDG (2N-(7-Nitrobenz-

2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose) in RARBA.7 cells. IL-6 treatment
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showed significant increase in glucose consummioboth 1 and 10 ng/ml IL-6 with
highest 1.5 fold consumption at 1ng/ml (Fig;4.2.1Aherefore, it was confirmed that
1ng/ml concentration of IL-6 is precise to usedtirer experiments. Consequently, lactate
production, which is the end product of glycolysas also increased by 1.65 fold after IL-
6 treatment (Fig;4.2.1B). Further to understaribefhigh rate of glycolysis is achieved by
IL-6 induced enhanced levels of glycolytic enzyme®, checked the levels of key

glycolytic enzymes HK-1, HK-2, PFK-1 and PKM2 aftief6 treatment.
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Figure 4.2.1: IL-6 induced rate of glycolysis was measured byepobsg glucose uptake and
lactate production in cells after IL-6 treatmeniucdse uptake (A) and lactate production (B) was
measured in culture media, 2 hours after IL-6 tneat. (C) Protein levels of various glycolytic
regulatory enzymes (indicated in figure) were mesun untreated and IL-6 (1ng/ml) treated
cells at given time point$-Actin was used as loading control. Values showeitwveen the blots
are the average fold change value of densitoneatiadysis of 3 blots, normalized with respective
B-Actin. (D) The mRNA levels of HK-2, PKM2 and PFRB genes at indicated time points after
IL-6 (Lng/ml) treatment. Statistical significancalaulated by one way ANOVA and Student’s t
test between the groups. Data are expressed asti®a(n = 4) *p <0.05
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We found nearly 1.3 to 2 fold time-dependent ineegia the protein levels of HK-2, PFK-
1, and PKM2, while the protein level of HK-1 wasufal unchanged (Fig;4.2.1C).
Enhanced levels of HK-2 and PKM2 protein was furtwported by the time-dependent
increase in HK-2 and PKM2 mRNA levels (Fig;4.2. M also checked the IL-6 induced
gene expression of PFKFB3 gene, which produceso&du2,6 bis phosphate (G2,6BP) for
allosteric activation of PFK-1 enzyme (Berg JM, Dgxko JL, 2002) We found, IL-6
induced the mRNA levels of PFKFB3 gene also, suuges regulates the flow of glucose
through glycolysis (Fig;4.2.1D). These findings gest that IL-6 induces glycolysis by
inducing the expression of glycolytic regulatorgymes in RAW264.7 cells.

Since a significant and nearly equal increase lincage consumption and
radioprotection (Fig;4.1.2) were observed at bath/thl and 10 ng/ml doses of IL-6;

therefore we used 1 ng/ml concentration for alifer experiments.

4.2.2 |1L-6induced radio-resistanceis glycolysis dependent

Further, to validate the correlation between ILf@luced glycolysis and radio-
resistance; we analyzed the levels of glucose eptakd lactate production after
radiation exposure in IL-6 pre-treated samples.i@&exh alone group also showed
increase in glucose uptake; however, it was sicguifily less 1.5 fold) as compared

to IL-6 alone and combined (IL-6 pre-treatmentdwaled by irradiation) treatment
groups {2 fold) (Fig;4.2.2A). Similarly, the lactate prodiom was also found

significantly higher in IL-6 and radiation combineideatment as compared to
radiation-exposed cells (Fig;4.2.2A). This resudt Substantiated by several fold
increased protein levels of glycolytic enzymes (RKPFK-1, PKM2), glucose

transporter GLUT4 (Fig;4.2.2B) and mRNA expresabiiK-2, PKM2 and PFKFB3

gene (Fig;4.2.2C) in cells co-treated with IL-6 aadiation as compared to radiation
alone. We also found about 1.9 fold increased AéMellat 4 hours post-irradiation in

IL-6 pre-treated cells with respect to control aadiation alone (Fig;4.2.2D).
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Figure 4.2.2: IL-6 induced radio-resistance is glycolysis depend@) Glucose uptake, and
lactate production measured 2 hours post-irradiags described (B) Immunoblotting of key
regulatory glycolytic enzymes was performed at ddrh post-irradiation-Actin was used
as loading control. Values shown in between théskdoe the average fold change value of
densitometric analysis of 3 blots, normalized wihkpective3-Actin. (C) The mRNA levels

of HK-2, PKM2 and PFKFB3 with respect to control rweobserved after 12 hours post-
irradiation (D) ATP levels in cells was measured Higluminescence ATP assay kit at
indicated time points and represented as ATP cdratén per cell calculated from standard.

We further inhibited the glycolysis using non-tox@ncentrations of 2-dexoy-D-Glucose
(2-DG) and 3-bromo pyruvate (3-B4.1P) in IL-6 preated cells before exposing to
radiation and performed growth kinetics. Both thggjytic inhibitors 2-DG and 3-BP
reversed the IL-6 induced protection from radiafimtuced cell death (Fig;4.2.3A&B).
This observation from growth kinetics assay wasetated with qualitative imaging of
ethidium bromide and acridine orange (apoptosiayasd 24 hours. Radiation alone and

in combination with glycolytic inhibitors (2-DG an8BP) in IL-6 pre-treated group
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showed nearly similar number of apoptotic and rtecreell population, which was
significantly higher as compared to IL-6 pre-tréagnd radiation-exposed treatment
group (Fig;4.2.3C&D). Therefore, these findings devitly validate our earlier
observation that induced glycolysis confers radgistance. It also suggests that IL-6

induced radio-resistance in RAW264.7 cells is dlysie dependent.
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Figure 4.2.3: Inhibition of glycolysis reverted the IL-6 mediateddioprotection; (A & B)
Cell number was quantified at 48 hrs. post-irradiain various treatment groups and plotted
as bar graph with cell number on Y axis. (C & D)lI€&vere stained with AO/EtBr 24 hr
post-irradiation and examined under a fluoresceintascope at 10x magnification. Zoomed
images of dying cells are shown in inset for anrowpd view. Dead cells (red) were counted
from multiple images and the mean of dead cellsgreup was plotted as bar graph. Star
shows the statistical significance of change betvtbe groups calculated by Student’s t-test.
Data are expressed as mean = SD (n = 4) *p <0.05
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4.2.3 1L-6 protectsfrom radiation-induced mitochondrial damage

lonizing radiation is known to damage mitochondmal affect its energy metabolism
(Rai et al., 2018; Verma et al., 2011). Therefore, tested if IL-6 protects from
radiation-induced mitochondrial damage also. Ta té® mitochondrial energy
metabolism, we analyzed complex Il activity of nethondrial respiratory chain by
monitoring formazan formation. We found, radiatianduces nearly 2.5 fold
increased formazan formation in IL-6 untreated &edted cells at early time point
(4hr), which comes down to normal at later time npo{(24hr, Fig;4.2.4A).
Mitochondrial enzymatic activity depends on theauoitondrial mass in cells and we
have shown in our earlier study that radiation-oetl mitochondrial damage can
induce mitochondrial biogenesis and thereby in@gake mitochondrial mass and
formazan formation in cells (Rai et al., 2018).ehatstingly, we noted nearly similar
formazan formation in IL-6 untreated and treateliscafter radiation exposure from
1.8 and 1.25 fold increased mitochondrial masspeaetively (Fig;4.2.4B). This
observation shows that radiation-exposed cells &% more mitochondrial mass,
but all may not be contributing to enhanced comgleactivity. However, similar
formazan formation from only 25% increased mitodaraal mass and nearly similar
SDH level (Fig;4.2.4C&D) after radiation exposuries IL-6 pre-treated cells as
compared to radiation alone exposed cells suggdsiced mitochondrial damage and

higher efficiency of mitochondrial respiration -6 pre-treated cells.
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Figure 4.2.4: 1L-6 prevents mitochondrial damage from radiat{g)) The Formazan formed
per cell was quantified spectro-photometrically amdsented as bar graph at indicated time
points. (B) The mitochondrial mass was analyzedstayning cells with MitoTracker Green
FM (100 nM; 20 min) at indicated time points. Gragltowing mean fluorescence intensity
(MFI), presented as fold change with respect tdrobn(C&D) Immunoblot showing protein
expression of mitochondrial complex-11 subunit SBHsresented in RAW264.7 cells. The
bar graph represents the fold increase in SDH dewplantified by densitometry and
normalized with3-Actin.
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Further, we also analyzed the mitochondrial memébraotential (MMP) under
similar experimental conditions to examine the whimndrial status in radiation-
exposed cells wusing fluorescent potentiometric dy8€-1 and TMRM
(Fig;4.2.5A&B). We observed radiation-induced irased MMP in IL-6 and
radiation treated cells (Fig;4.2.5A); however, adin-induced hyperpolarized
mitochondria and increased mitochondrial mass 4F2g5B) can also show higher
dyes uptake in cells giving false information ofler MMP (Rai et al., 2018).
Therefore, we normalized the MMP values with mitmatirial mass of the respective
sample to obtain the accurate MMP of the cells. Wtadiation-induced increased
MMP was normalized with enhanced mitochondrial masshowed significant 30%
decrease in MMP, which was restored in IL-6 preted and radiation-exposed
samples both at 4 and 24 hours (Fig;4.2.5B). This viurther validated by
microscopic observation of radiation-induced dandagetochondria using A23187
dye (Verma et al.,, 2011). We found highly reducedanhers of A23187 puncta
positive cells and much smaller intracellular bedighowing damaged mitochondria)
in IL-6 pre-treated cells as compared to radiatifme (Fig;4.2.5C&D). Interestingly,
glycolysis inhibition using 2-DG in IL-6 pre-treakecells reverses the protective
effects of IL-6 from radiation-induced mitochondridamage. These observations
suggest that IL-6 protects from radiation-inducedoohondrial damage and this

protective effect is also linked with IL-6 inducglycolysis.
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Figure 4.25. IL-6 prevents mitochondrial damage from radiai{diy Microscopic evaluation of
mitochondrial membrane potential shown by distrisubf JC-1-loaded mitochondria in response
to radiation, the retention of green (monomer) @athge/yellow (aggregates) colour represents the
shift in mitochondrial membrane potential. Imagesravcaptures at 40x (objective) and 10x
(eyepiece) magnification. (B) Quantitative estimatof MMP by TMRM and normalized with
respective mitochondrial content (data obtainethfMitotracker green, fig;4.2.4B) at 4 and 24h
post-irradiation. (C) Photomicrograph shows thdatamh change in mitochondrial calcium by
staining the cells with A23187 (6M, 30 mins). Images were captured under a fluonesce
microscope with 40X objective. (D) Graph representjuantification of I-bodies formation per
cell in different treatment groups. Data obtainemif n=10 fields per group. Star shows the
statistical significance of change between the ggocalculated by Student’s t-test. Data are
expressed as mean = SD (n = 4) *p <0.05, # repetsn significance with respect to the MMP/
mitochondrial mass of control group.
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4.2.4 1L-6induced Akt signalling promotes glycolysisand confersradio-resistance

Enhanced glycolytic metabolism is known to be rated by two main signalling
pathways in normal cells namely, Hdcand Akt. IL-6 activates both Hlleland Akt
signalling pathway (Kumari et al., 2016; F. Zhangk, 2016). Whereas, we found
that IL-6 at 1ng/ml concentration does not inducetedtable levels HiFd in
RAW264.7 cells. Therefore, we tested Akt pathwayebiimating the time-dependent
protein levels of pAkt (active form) in IL-6 treateells. We found more than 2 fold
increase in pAkt levels as early as 1 hr. of ILr€atment (Fig;4.2.6A). Further, to
authenticate if IL-6 induced radio-resistance ipatalent on Akt signalling and
enhanced glycolysis mediated by it; we inhibitedt Alignalling using pan Akt
inhibitor MK2206 (Oki et al., 2015) and also knod&wn the Akt expression (53%
depletion in Akt1/2 level) using Aktl/2 siRNA. Dowagulation of Akt signalling not
only reduced the IL-6 induced pAkt levels to untndd basal level (Fig;4.2.6B) but
also significantly brought down the level of IL46duced glucose uptake, and lactate
production to the basal level (Fig;4.2.6C). FurtHew pAkt level reduced the IL-6
induced total and mitochondrial bound fraction &f-B (Fig;4.2.6D&F) and reversed
the IL-6 induced radio-resistance, indicated byigant reduction in cell number of
IL-6 pre-treatment combined with Akt1l/2 siRNA aMK2206 in irradiated cells
nearly to the level of radiation control (Fig;4.B)6 These results suggest that IL-6
induced Akt signalling upregulate the levels ofagliytic enzymes, which leads to

enhanced glycolysis and radio-resistance in RAW264lls.
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Figure 4.2.6: IL-6 induced glycolysis is Akt dependent (A) Phasifation of Akt at ser473 was
detected at indicated time points after IL-6 treatin(B) Cells treated with MK2206 (2.5uM) 15
min prior to IL-6 treatment followed by irradiatiomere harvested 1hr post-irradiation for Western
blotting. Akt1/2 siRNA (100nM) and Control (scrarepkiRNA transfected cells were also treated
with IL-6 followed by irradiation and harvested féfestern blotting of pAkt and Akt levels. Total
Akt levels was normalized with the values of betingloading contral). (C) Graph represents fold
change in glucose uptake and lactate productiongllerespectively in various treatment groups at
2hr post-irradiation. (D) Immuno-blot of total HKg2otein with MK2206 and Akt siRNAS-Actin
used as loading control and (E) Cell number quedtdt 438 hr. post-irradiation in various treatment
groups is presented as bar diagram. (F) Showinguimobiot of mitochondrial bound fraction of
HK-2 where VDAC used as loading control. Valuesrghin between the blots are the average fold
change value of densitometric analysis of 3 bfmsnalized with respecti&Actin. Star shows the
statistical significance of change between theggaalculated by one way ANOVA and Student’s t
test. # represents the statistical significancevdsa siRNA or MK2206 group with respect to IL-6
pre-treated irradiated group. Data are expressatean + SD (n = 4) *p <0.05
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425 Summary

The results of this study suggest that IL-6 induttexlglycolysis in RAW264.7 cells
by activating Akt signalling, which further induceide expression of key regulatory
glycolytic enzymes and glucose trans-porters. Thé-induced aerobic glycolysis
and reduced mitochondrial damage at the time ofatat exposure ensures

continuous and sufficient supply of energy for iepd radiation-induced macro-

molecular and cellular damages, thereby causing-radistance.
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Figure 4.2.7: Role of IL-6 in Glycolysis; The picture illustratéisat IL-6 treatment before
irradiation activates PI3K-Akt pathway, which rdaedl in the up-regulation of important
regulatory genes of glycolysis. Akt also phosphatgd HK-2, which allows its binding to
outer membrane of mitochondria where it facilitagéficient glucose phosphorylation using
mitochondrial ATP and ensures rapid rate of glysi@yEfficient supply of energy (ATP) for
the repair of radiation-induced macro-molecular amflular damages and moonlighting
functions of glycolytic enzymes like prevention @ftochrome C release from mitochondria
by HK-2 resulted in IL-6-induced radio-resistance.
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4.3 Roleof IL-6in cellular responsesto radiation-induced DNA damage

The free radicals generated after irradiation asttor 60-70% of DNA lesions else
30-40% is due to direct effects of radiation on EN¢A molecule. Radiation affects
cells in multiple ways; but most importantly, thghbuDNA damage. In response to
these damaged DNA lesions, especially double-staeaks (DSBs), cells trigger the
highly sophisticated and regulated repair resp@gsnst DNA damage. Since the
high fidelity during genome replication is decisiee appropriate cell proliferation, if
cells succeed in the repair of DNA lesions will tone the cell cycle, else failed
refurbishment can trigger cell death in damagedscébnizing radiation induces
apoptotic cell death in myeloid cells and DNA daeragduced mitotic catastrophe in
epithelial cells (Wu et al., 2017). Since we obedrnl-6 induced radioprotection in
both myeloid cellular model (RAW264.7 cells) andtleglial cellular model (INT407
cells), we tested the hypothesis, if IL-6 treatm2riirs before IR defends the cells
from IR mediated cell death by either minimizing ttadiation-induced DNA damage
or maximizing/ facilitating the DNA repair, and fher to find out the possible

contribution of DNA damage and repair in IL-6 inédcradioprotection

4.3.1 DNA damage and repair: y-H2AX foci for mation

The observations on the assessment of intracelR@% levels and clonogenic cell

survival suggested that accelerated oxidative str@ght be linked to DNA damage,

and essentially playing an important role in therall radio-modifying effects of IL-

6 in RAW264.7 cells. Since, DNA damage followingligtion exposure is the main

contributing factor for the loss of clonogenicit@gleste et al., 2002); therefore, the

effects of IL-6 in the repair of DNA damage wereudiéd. Histone-2A
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phosphorylation at Ser-139 positiopH2AX), an appropriate biomarker of mainly
DNA double-strand breaks (Rogakou et al., 1998k wsed to assess DNA damage
aroused in cells by exposure to radiation and taed with effects on cell
proliferation and survival. The intracellular lesebf y-H2AX were measured

microscopically at 2 Gy IR dose in RAW264.7 celisnfi 30 minutes to 4 hrs.

Radiation led to a drastic elevation in the frequyeof y-H2AX foci formation at just
30 minutes post-exposure. The extent of damagectimiu was marginally but
significantly low in the presence of IL-6. This wagident by the number of foci/cell
(15.9+0.989 in IR vs 13.05+0.212 in IL-6+IR at 30notes) (Fig;4.3.1A&B). The
number of foci per cell went significantly down ji 1hr post IR due to the presence
of IL-6 and approached to control at 4 hrs postttreent. The similar decreasing
pattern was observed in the IR alone group; howetlee recovery was not
comparable to the IL-6 treatment and decline wasenked with a slow rate. The
average foci per cell at 4 hrs post IR was stil080.84 while IL-6 pre-treatment
group had 4.85+0.353, Fig;4.3.1B. It was furthalidated by the western blot
analysis of y-H2AX protein at 1, 2 and 4 hrs. The decreased |lefe the
phosphorylated form of this protein with increasimge indicated a faster rate of
damage removal/repair of DNA strand breaks in Ilpfe-treated cells. This
observation indicated that IL-6 not only preverite induction of DNA damage
marginally but also facilitates faster repair. Tdhdsdings corroborated with the
observations from oxidative stress (ROS levels;4-ig7 as well as clonogenic cell

survival (Fig;4.1.4) studies.
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Figure 4.3.1: Effect of IL-6 on radiation-induced DNA damage- H2AX assay (A)
Photomicrographs showing distinetH2AX foci at different time intervals from 0.5 tbhrs
post-irradiation (after 2 hrs of IL-6 treatmentindges were captured unddtetafer
microscope at 100x.
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Figure 4.3.1: (B) Quantitative analysis of- H2AX foci formation at various time points
using the MetaCyteg- H2AX foci scan software in automated Metafer rgmope. (C)
Immunoblot ofy- H2AX at 1, 2 and 4 hrs post-irradiation. *: p<B.0

4.3.2 DNA damage analysis by alkaline comet assay

Radiation exposure causes both types of DNA brdaksyle and double-strand)
leading to fragmentation of DNA in cells, which tme electrophoretic run in high
PH buffer migrates towards positive electrode acduaes a shape resembling

comets. Increase in radiation-induced DNA damagedddo an increased amount of
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broken DNA in the comet tail. The results of thened assay in different treatment
groups at multiple time points from (0.5, 2 andrd)lare represented by % DNA in
tail, olive moment, tail moment and length of tdR alone group has increased %
DNA in tail (23.8£0.79) compared with untreated toh (3+0.2) (Fig;4.3.2).
However, IL-6 pre-treatment significantly reducde tradiation mediated rise in %
DNA to 14.53 + 2.71 at 30 minutes of post-radiatexposure. The kinetics followed
up to 4-hour post-exposure showed a similar pattefaH2AX results % DNA in the
tail was less at 30 minutes (0.5 hrs) post-irraciatafter 1L-6 treatment and
subsequently decreased % DNA was observed in IRGbup till 4 hrs, which is
almost equivalent to the untreated control groupther parameters like the olive
moment, tail moment, and tail length also showedshame pattern from 0.5 to 4 hrs
after irradiation. Olive moment of tail post IR @gure was highest at 30 minutes
(5.37£0.22 in IR vs 0.98+0.063 in Control) and sdgently goes down attaining the
lowest at 4 hrs (2.24+0.077). IL-6 treatment efiedy modulated the olive moment
and achieved the lowest value at 4hr of IR expoglrg2+0.15). Tail length also
seems to be high at 30 minutes post IR exposur2320.61), which is quite low in
the IL-6 treatment group (12.89%£1.91). Therefosd, four parameters were
significantly reduced by IL-6 treatment (p<0.05holgh IR alone showed self-
recovery of the damaged DNA with time, as refledigdhe kinetics of all parameters
but still not attained the lowest value compardbléL-6 treatment, hence displayed
slow recovery. Thus, this data is indicating adasate of repair in the presence of IL-

6 compared to IR alone group.

139



Chapter 4

(A)

Control

IR (2Gy) IL-6

IL-6+IR
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% DNA in Tail
Olive Moment
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Tail Length
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Figure 4.3.2: Effect of IL-6 on radiation-induced DNA damagatkaline comet assaip)
Typical images of comet formation observed at 20bfective under a fluorescence
microscope, Comet images were analyzed by MetaQyteet scan software. (B) The graph
represents % DNA in the comet tail. (B) Olive moinehthe tail (C) Tail Moment and (E)
Tail Length from 0.5 to 4 hrs post-irradiation;pg0.05, **: p<0.01.
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4.3.3 Radiation-induced Micronucle formation

lonizing radiation primarily causes mitotic catagtne linked death at moderate
doses, where a cell is smashed during mitosis. Memyef the cell survives with
chromosomal aberrations during cell division likécranuclei, it dies in the next
cycle (Kalsbeek & Golsteyn, 2017). Micronuclei drasically extra-nuclear bodies
including chromosomal fragments or whole chromossm#hich failed to incorporate
into the main nucleus following cell division. Iesd, they enwrapped by the nuclear
membrane and bear a resemblance to the centraéusu¢hough tiny in size.
Micronuclei can be formed by faulty repair machinghat may result in the
accumulation of damaged DNA and non-reparable chsamal aberrations (Luzhna,
Kathiria, & Kovalchuk, 2013). Here, we investigateatiation-induced cytogenetic
damage by enumerating the cells with micronucldijctv might be aroused due to
unrepaired/mis-repaired DNA double-stranded breafter irradiation. The time
kinetics of micronuclei formation was followed up #2 hrs post-IR exposure
(Fig;4.3.3B). The micronuclei frequency was highast24 hrs (10+0.212 in IR vs
7.5%£0.919 in IL-6+IR). The decrease was found toslgmificant but less at 12 hrs
time point is probably because of radiation inducell cycle delay in exposed cells;
however the differences were visibly very prominantater time points viz. 24, 36
and 48 hours because the divided daughter celly ¢he micronuclei. The data
clearly displayed a substantial reduction in thémapulation with micronuclei in IL-
6 pre-treated irradiated cells compared to irramiiatalone at all-time points
(Fig;4.3.3B) suggestive of decreased residual DNvnage due to efficient repair,

correlated with the results of H2AX and comet (#ig;1 and 4.3.2)
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Figure 4.3.3: Effect of IL-6 on radiation impelled cytogeneticndages (A) Representative
images of micronuclei along with main nucleus, oegd at 20X, enlarged view of

micronuclei is shown in Inset (B) Kinetics of Micnaclei fraction from 0-72 hrs at 2Gy
radiation dose. *: p<0.05.
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4.3.4 Assessment of 53BP1 foci formation

53BP1 is basically a p53 binding protein, whichdsirio p53 by interacting with its
DNA binding domain. 53BP1 is known to be involved DNA damage response,
where it undergoes phosphorylation and rapidly catied to the spots of DNA
double-strand breaks in response to IR and is atipatsubstrate of ATM kinase (I.
M. Ward, Minn, van Deursen, & Chen, 2003). The cated 53BP1 could involve in
chromosomal remodelling for assembly of DNA repaioteins at damaged sites or
colocalized with repair proteins after several Isoof exposure (Rappold, Iwabuchi,
Date, & Chen, 2001). The DNA damage response (D&fR)st cells in sensing and
countering damaged DNA by arresting cell cycle sgson and repairing damage, if
unrepaired, cells permanently entered into senégquggse. High dose of radiation
upshots persistent DNA damage usually irreparatdepels the cells to senescence
(Xurui Zhang et al., 2016). The occurrence of DNAuble-strand breaks (DSBs) was
also evaluated by visualizing 53BP1 foci formatgmilar toy-H2AX foci. A GFP-
tagged 53BP1 plasmid was stably transfected to KEKS. The cells subjected to
ionizing radiation manifested the recruitment oBP3 to the sites of DNA double-
strand breaks, marked by its arrangement in tha fafrfoci that are dispersed in the
nucleus. These foci correspond to the spots of M8 (Rappold et al., 2001). We
observed distinct 53BP1-GFP ‘punctum’ like foci it 24 to 48 hrs of irradiation
(Fig;4.3.4A) suggestive of radiation triggers DNAandage response (DDR) by
creating DSBs, followed by recruitment of 53BP1tlz¢ site of DNA lesions and
stimulates ATM kinase (R. R. Nair, Bagheri, & Sai@015). The appearance of

puncta formation with high frequency at a prolongede period (48hrs) after
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irradiation suggested that cells are still undereffect of radiation. Though the GFP-
53BP1 cells started responding to irradiation émis of foci formation) within early

hours, but the fluorescence intensity of puncta wewsy low which found to be

increased with time along with an increase in numper cell. 5Gy of gamma

radiation showed brightly illuminated small focisgersed throughout the nucleus
(Fig;4.3.4A). The number of cells containing foashdiscrete distribution among
different groups, as control groups (Untreated rmdratnd IL-6 alone treatment) have
more than 70% cells with less than 0-5 foci pel. ¢ébwever, IR alone group have
approximately 40% cell with average 5-10 foci pel,c~30% with 11-20 foci, 20%

cell having 21-30 foci and the rest 10% containertban 30 foci in each cell, none of
the cell observed had less than 5 foci. Though+#lR6group had a high number of
cells with more foci per cell with respect to catd; regardless of irradiation IL-6

treatment effectively modulated this distributiomtern and displayed reduced
frequency of 53BP1 foci as compared to irradiaboty group as around 15% cells
with less than 5 puncta, 30% contain 5-10 foci, 238ge 11-20 foci and rest 15%
cells have 21-30 foci, moreover none of the celesired have more than 30 foci.
Therefore, it can be projected that IL-6 pre-tremtmprofoundly reduced the foci

frequency compared to IR group alone.
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Figure 4.3.4: GFP-53BP1 foci formatiorin response to radiatiofA) Photomicrograph
showing 53BP1 ‘puncta’ at 48 hrs post-irradiati@pttired under a fluorescence microscope
at 40X magnification using a blue filter. (B) Graggpresenting the distribution of 53BP1 foci
in percent cell population at 48 hrs post-irradiatiNumber of foci counted in each view
from all cells for at least 20 images per group.
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4.3.5 Expression of DNA damage response (DDR) proteins

Eukaryotic cells gradually evolved machinery calBdA damage response (DDR) to
prevent erroneous replication of DNA and to mamtgenomic stability. DDR
constituted of a network of biochemical pathwayt ttetects the damage, signals to the
DNA repair machinery, and repairs the DNA lesidns;oordination with transient cell
cycle arrest (Delia & Mizutani, 2017). Key modulgfsthis pathway are the sensors of
DNA double-strand break, such as the Mrell-Rad58NBomplex (MRN complex).
Here, we observed that IL-6 treatment induces #pression of NBS1 at 1lhr post-
irradiation, which is known to be co-localizedyati2AX foci sites (Saito, Fujimoto, &
Kobayashi, 2013). This early and enhanced activaifoNBS1 after IL-6 treatment to
irradiated cells as compared to the IR alone grsupgesting the timely detection of
damage and start off repair machinery (Fig;4.3.5M)e MRN complex activation
resulted in the activation of the ATM pathway thkagnals to the cell, leading to either
cell cycle arrest or commences the repair kinetidse ATM phosphorylation is
evidenced by the visibly upshift of protein bantb\smigration in the gel) in western
blot that usually considered as of phosphorylatethf as the phospho form of proteins
moves slower on SDS-PAGE in contrast to their noosphorylated form (Wegener &
Jones, 1984). The ATM activation after IL-6+IR treant with respect to IR alone
suggested that IL-6 treatment is not only accouatidy the early detection of damage
but also executes fast DNA damage response as oeinpa IR treatment alone
(Fig;4.3.5B). Moreover, we found enhanced expressid RAD51, a homologous
recombination repair protein that is also knowndspond in case of replication stress.
After receiving the signal of DNA damage or repiica halt, RAD51 recruited at the

DSB sites along with other repair proteins like NB@hattacharya et al., 2017). The
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RADS51 expression was observed upto 4 hour aftediation and found to be enhanced
by IL-6 treatment to irradiated cells as compa@dR alone treatment which is also
suggesting that IL-6 treatment not only enhancesekpression of RAD51 but also
causes the early recruitment at DSB sites to faiglirepair. These results are well
correlated with our previous data of H2AX (Fig;4)3and cell cycle (Fig;4.1.5) which

indicated the generations of DSBs and cell cyatelblCell cycle data showed that cell
cycle block initiated just at 2 hrs post irradiatia both IR alone and IL-6+IR group and
resolved completely at 8 hrs (Fig; 4.1.5). This eobstion propose that only IL-6

treatment facilitates DDR and resulted in succéssfnpletion of cell cycle, thereafter.

Though cell cycle block resolved at same time ithllbe groups however, the levels of
DDR are not equal in both groups which resultedctiiks to enter in apoptosis in the IR

group (Fig;4.1.12).

Apart from this, we also found enhanced mRNA exgiesof DNA repair enzymes
Neil-1 (endonuclease VIll-like protein 1) and OGG<{B-oxoguanine-DNA-
glycosylase 1). These two DNA glycosylases are kntiawrepair 8-oxoAde:Cyt pairs
consequence of DNA oxidation (Grin, Dianov, & Zhavk 2010). We observed that
IL-6 alone as well as with IR induces a severatHioicrease in mMRNA expression of
both the enzymes as 42.24+8.725 fold of Neil-1 @nd4+20.059 fold of OGG-1 at
12 hrs of IL-6 treatment compared with untreatedtid (Fig;4.3.5C). The basal
level of these enzymes in the untreated group wpsoaimately one. Irradiation also
induced the mRNA expression as 21.24+5.380 of Mahd 21.36+3.7 of OGG-1;
however, combined treatment of IL-6 and radiaticauses more expression as
48.49+3.58 in Neil-1 and 60.30+£7.73 in OGG-1 as parad to radiation alone

treatment. Our study implies that radiation cautamage to DNA either by direct
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effect or via oxidative stress resulted in the caanoement of DNA damage response

which is found to boost up by IL-6 treatment.
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Figure 4.3.5: Activation of DDR and HR pathway after irradiatia&B) Immunoblots of
NBS1 (MRN complex protein), Rad51, and ATM at 1,a@d 4 hrs post-irradiation in
RAW264.7 cells treated with IL-6 for 2 hrs followég irradiation with 2Gy. Beta actin and
GAPDH were the loading controls, respectively. G)aph representing fold change in
MRNA levels of Neil-1 and OGG-1. Data representB=®.001; * represents significance
with respect to the control group and, # represggtsficance with respect to the IR group.

4.3.6 Summary

The above study summarizes as; IL-6 facilitates DNpair by inducing the
expression of DNA repair enzymes. The inductiorD&fA damage phosphorylates
the H2AX, a vital DSB marker which may lead to gemo instabilities. 1L-6
treatment before radiation exposure activates tiRNMomplex proteins and ATM
followed by recruitment to the DSB sites for thdéeefive execution of DDR, and
efficient repair of damaged DNA. Further, there vegified that the extent of DNA
damage in both the IR alone group and the IL-6+HBugs differ considerably,

followed by less cytogenetic damage after IL-6 tiresnt.
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Figure 4.3.6: Role of IL-6 in DNA repair: IL-6 treatment to celfacilitates activation of
DDR including, activation of MRN complex proteindomag with ATM followed by
recruitment to the DSBs sites. IL-6 treatment |eadthe efficient repair of DNA lesions by
activating several DNA repair enzymes.

14c¢



Chapter 4

4.4 Evaluation of radio-protective efficacy of IL-6in mice models

Introduction

Exposure to lethal doses of IR may cause hematipaieute radiation syndrome (H-
ARS) and gastrointestinal (Gl) syndromes which atearacterized by severe
myelosuppression, diarrhoea, abdominal pain anghwéiss followed by mortality. The
acute effects are primarily manifested in tissuegriy a rapid rate of cell turnover, i.e.,
the hematopoietic (H- ARS) and the gastrointessiyatems (GI-ARS). This is because
they house the critical and highly radio-sensitie# populatiorviz. the stem/ progenitor
cells of the bone marrow (BM) and gastrointestamgpts. In humans, a dose above 1 Gy
may result in the compromised hematopoietic systerd,death may occur at the dose
range between 2.5-5 Gy due to BM failure. A radiatiiose above 8 Gy, predominantly
contributes to mortality due to Gl injury (Dubois \&alker, 1988). The compromised
immune system after irradiation and the damagedir&it may result in bacterial
translocation (gut microflora) to blood and othirite organs which leads to sepsis and
become the primary cause of mortality following iatidn exposure (Berg, 1995).
Therefore, the development of radiation counteromeasis based on their potential to
overcome peripheral blood cell depletion, restor& BASPC (haematopoietic
stem/progenitor cell) population and regeneratestirtal stem cells. In this chapter, we
studied whether IL-6 can give in vivo radioprotentialso, similarly as it showed in in-
vitro models. Further, studies were undertakemtestigate if the survival advantage
conferred by the IL-6 to lethally irradiated micedue to the amelioration of radiation

induced hematopoietic and gastrointestinal damage.
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441 |1L-6 treatment activates STAT-3 and Akt phosphorylation in haematopoietic

tissues of mice
We learned from ouin-vitro studies that 1-2 hrs of IL-6 treatment is suffiti¢o

activate STAT-3 signalling, the however same apghnoaill not work until we know
the effective concentration of IL-6 reaching in thieod at 1 and 2 hrs post IL-6
injection. Since IL-6 is also known as myokine aedreted by muscles after physical
exercise; we chose to inject the cytokine through {intramuscular) route. C57BL/6
mice were given an intramuscular injection of IL(Ing/mice of 25 gram average
weight in 50 pl water), and blood was withdrawnlaand 2 hrs post-injection for
serum collection. An IL-6 level in serum was deg¢elcby the ELISA method. We
found a non-detectable (n.d.) concentration inaat&d control mice serum samples.
We detected around 800pg/ml IL-6 in Serum sampkes & hr of intramuscular IL-6
injection whereas, this level was increased to1§0@pat 2 hrs (which is little higher

than our 1ng/ml concentration useevitro) (Fig;4.4.1A).
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Figure4.4.1A: IL-6 level in blood. IL-6 level was detected inser at 1, and 2 hrs post IL-6
injection (10ng/mice) by ELISA method. n.d.- nortetdable. Data represents mean + S.E.M
from 2 independent experiments; n= 6 mice per group
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The function of IL-6 is regulated by signal transeluand activator of transcription 3
(STAT-3). It has been known to facilitate variousldar services of a cell such as
proliferation and survival (Stepkowski, Chen, Rdé$agy, & Kirken, 2008). Similar to the
in-vitro studies we determined whether STAT-3 signallingdsvatedin-vivo following

IL-6 intramuscular injection (10ng/mice of 25 graawerage weight in 50ul water) in
C57BL/6 mice and first analyzed the phosphorylatdrSTAT-3. We found increased
phosphorylated STAT-3 (active form) levels at 2 bfdL-6 treatment in all the target

radio-sensitive haematopoietic organs such as bbmwe: marrow and spleen (Fig;4.4.1B).

PBMC Bone Marrow
Control IL-6 Control IL-6

PSTAT-3 [EE S | PSTAT-3 | i e s e
STAT-3 | SR D S = we | STAT-3 [ ——
Bactin| ———  © 1" | ——
Spleen
Control IL-6

pSTAT-3

STAT-3 | e S - -

B actin

Figure 4.4.1B: Immunoblots of pSTAT-3 and STAT-3 in blood, bonermoa and spleen of three
different mice (1, 2 &3) at 2 hrs post-treatmemnbt€in levels were normalized by beta actin.

Along with STAT-3, Akt pathway was also found aetigd as demonstrated by the
elevated levels of pAkt in all the similar haematigpic organs at 2 hrs post IL-6

treatment (Fig;4.4.1C).
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Figure 4.4.1C: Immunoblots of pAkt and Akt at 2 hrs post-IL-6 tie&nt in blood, bone
marrow and spleen in three different mice of cdnared IL-6 treated group. Beta actin was
used as an internal protein loading control.

Together these results suggest that IL-6 inducexgdtorylation stimulates STAT-3
and Akt signalling that may provide a survival adieeye to the animals, as we
observed in cellular models. The intramuscularemitiL-6 dose was adopted due to
the myokine nature of IL-6 and two hrs after injectwas sufficient time to reach IL-
6 which activated STAT-3 and Akt signalling everdigep sitting organs of the mice,

as observed in bone marrow and spleen.

4.4.2 1L-6 protects C57BL/6 micefrom lethal irradiation:
Next, we checked the radio-protective potentialllof6 in C57BL/6 mice. The
animals were administered with 10ng IL-6 per mieefage weight, 25 gm),

intramuscular (i.m.), 2 hrs before being exposed tsingle lethal dose of 7.5 Gy
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using C&° based irradiator LDI2000. The two different treatrh groups of mice
were treated with a single (pre-irradiation dos®j enultiple (one pre and three post-
irradiation at 24, 48 and 72 hrs.) doses of IL-Be Bnimals were observed for signs
of radiation illness and mortality for 30 days poadiation treatment. Animal survival
was then analyzed using Kaplan Meier survival cufivigy; 4.4.2). At this lethal
radiation dose, the percent survival of vehicleted irradiated animals was 20%,
accompanied by indications of radiation sicknesshsas loss of appetite, loss of
thirst, weight loss, ruffled hair, diarrhoea, fd@dema and lethargy (Macia i Garau et
al., 2011). Irradiation of the mice resulted in #ppearance of these symptoms within
2-4 days after exposure. Some animals also shovi&clity in movement during
second-week post-exposure. Mice treated with siagtemultiple doses of IL-6 along
with irradiation showed delayed onset of symptonfisilloess and significantly
improved survival after irradiation. The beginnimigmortality was also delayed by 4-
5 days in multi-dose IL-6 treatment; however, is@ne in radiation alone and single-
dose treatment groups. The number of survivorseased significantly in both the
groups of drug treatment (p< 0.001 for multiplee®and p< 0.01 for a single dose of
IL-6), compared to the radiation group. IL-6 coméer 50% survival with a single

dose of IL-6 and 80% survival with multi doses lofa.
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Figure 4.4.2: Radioprotection by IL-6 treatment- survival anay#{aplan-Meier curve illustrates
the 30 days survival of C57BL/6 mice given intraouwiar injection of IL-6 (10ng/mice), 2 hrs
before being exposed to a lethal dose of IR (nmit@ per group). In a multi-dose group, 3 more
doses of IL-6 (10ng/mice) at 24, 48 and 72 hrstdesh given post-radiation exposure.

The average weight of the untreated control anigpaldually increased over the 30 days
period. However, the mice belonging to the radmtimne group displayed a sharp decline
in their average body weight (from 22.2+1.32 at @ayo 17.8+2.21 at day 15) in contrast
to IL-6 multi-dose treated animals who showed renge till day 23 (22.7+£1.06 at day 01

to 22.6+1.33 at day 23). The IL-6 (single doseattrd animals also showed a slightly
decreasing trend until day 13, after which the aisnbegan to recover and displayed an
increase in their body weight (Fig;4.4.3). The maors left in radiation also began

regaining their body weight. Table 4.4.1 shows3b&lays mean weights of mice exposed

to a lethal dose of-radiation with or without administration of IL-@he average food
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intake per mice per day during 30 days survivabpewas significantly low in irradiated
animals (1.73 = 0.703 vs 2.64+0.481 in control p6QA5) though IL-6 treatment to
irradiated animals prevented the loss of appetitd lzad food intake similar to sham
irradiated animals (2.69 + 0.91, p=0.023). Irrtlaanimals initially showed loss of
appetite till day 15, and later they had gained thetural diet; still, the average intake was
low. In contrast, IL-6 treated irradiated animai®wed a constant diet till day 30 (Fig;
4.4.4A). Irradiated animals not only showed losapjetite, but their water intake capacity
was also compromised. The average water intake alone and IL-6+IR animals were
significantly low with respect to control and obast non-significant change between IR
and IL-6+IR (4.19 £1.040 in control vs. 2.51+0.72277+0.541 in IR and IL-6+IR,
respectively, (Fig;4.4.4B).
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Figure 4.4.3. Effect of IL-6 on the bodyweight profile of irradeal mice. C57BL/6 mice
were irradiated with 7.5 Gy WBI (Whole-Body Irrat@n) after 2 hrs of intramuscular
injection of IL-6. Their body weight was recordeckey alternate day for a period of 30 days.
Data represent mean + S.E.M. of n= 10 mice permrou
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Table 4.4.1: Bodyweight profile of mice of different treatmemntogps over an observation
period of 30 days

Itjrgtfr?\?;t Control Radiation I (Sinlgqule elees)iof L(;g&ﬂzl:gale
0 22.49 £1.33 22.35+1.52 22.6 £1.82 22.8+1.01
1 22.6 +1.02 22.2+1.32 22.5+1.75 22.7+1.06
3 22.8+1.29 21.5+1.23 22321 22.53 +1.33
5 22.7 £0.99 20.6 +1.41 22.4+2.0 22.8 +0.89
7 22.3+£0.76 20.4 £1.53 21.9+1.86 22.4 £0.87
9 22.3+1.43 20.8 £1.87 19.7 £5.03 22.6+1.11
11 23 +1.27 20.4 +0.83 19.9+£1.08 22.6 +1.22
13 22.5+1.37 19.1+£1.42 19.88 £ 0.11 21.5+224
15 23+1.28 17.8+£2.21 20.46 £ 1.02 22.65 + 0.75
17 23.1+£1.34 19+ 2.26 20.8 £0.75 22.68 £ 0.71
19 23.2+1.39 20.5+£.141 21.3+£0.90 22.8 £1.06
21 22.9+1.41 21 +0.28 21.6 £0.91 22.68 £ 0.715
23 22.7 +1.37 21.1+0.701 21.26 + 0.98 22.6 +1.33
25 22.9+1.42 21.3+0.707 21 +1.56 20.76 £ 2.43
27 23.06 £ 1.37 21 £0.28 20.46 £1.17 19.6 £2.70
29 23.06 £ 1.30 21.4+£0.84 20.5 £ 0.866 19.4 £ 2.59
31 23.2+1.02 21.2+0.741 20.62 + 0.586 19.6 £ 2.46

* Values represent mean + S.E.M.
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Figure 4.4.4: Effect of IL-6 on food and water intake of irradidtmice. The C57BL/6 mice
were exposed to 7.5 Gy WBI 2 hrs following intrawar administration of IL-6. Their food
and water intake recorded every alternate day @Goda8/s. (A) Average food intake/mice/day
in grams. (B) Average water intake/mice/day in ml.
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4.4.3 M adification of radiation-induced hematopoietic damage by 1L -6

The hematopoietic system is the most susceptibléhéo deleterious effects of
radiation. H-ARS is characterized by sterilizatioh the mitotically active BM
progenitor cells, leading to neutropenia, thrombopgnia and anaemia (Mauch et al.,
1995). Subsequent defects in the adaptive immustesy due to the depletion of
lymphocytes, leads to immunosuppression and enldaswusceptibility of subjects to
secondary infections (Dainiak, Waselenko, ArmitalylacVittie, & Farese, 2003).
Haemorrhage, occurring as a result of thrombocytspecan further complicate the
situation and lead to mortality (Kiang et al.,, 2D19herefore, survival after
myeloablative doses of IR is critically reliant dhe self-renewal capacity and

proliferation of the surviving stem cells for achieg hematopoietic reconstitution.

The animals sacrificed after 30 days survival stcbeemplete recovery in terms of
bone marrow cell count and spleen size in IL-6teéaroup. There was a significant
change in bone marrow cell density of IR treatednafs with respect to control;

however IL-6 treatment regains the complete cefisdg (30.34+2.51, 21.032+2.77
and 31.34+3.34 million cells in control, IR and &R respectively, p< 0.05, Fig;

4.4.5A). Loss of splenocytes because of IR indugeaptosis results in the overall
decline in the size and weight of the spleen (Spletrophy) (Singh et al., 2015).
There was a significant difference in spleen wemfhlR alone animals with respect
to IL-6+IR and un-irradiated animals (119.3+1.3@25+2.25 in IR vs 12446 in IL-

6+IR, p< 0.001, Fig; 4.4.5B). Albeit irradiated @mils showed the signs of

revitalization but not entirely recovered from ratthn sickness day 30 post-

158



Chapter 4

irradiation. Because the multiple doses of IL-6atneent gave maximum survival

advantage, we used multi-dose protocol for futxeements.
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Figure 4.4.5: Effect of IL-6 on bone marrow and spleen at day@st-irradiation. C57BL/6 mice
were dissected following 30-day survival analy§g. A total number of live nucleated cells in
bone marrow at 30 days of treatment. (B) Spleeght@idex at day 30 post-treatment.

4.4.3.1 Effects of IL-6 on radiation-induced cytopenia

Analysis of the peripheral blood cell indices issample and reliable assay for
assessment of hematopoietic injury and its ameimraby a countermeasure agent.
The hematopoietic recovery was studied in micaliated with a lethal dose of 7.5 Gy
and compared with the effects of IL-6 on hematojiecovery following radiation
exposure in C57BL/6 mice. Blood was collected at @&, 03, 07, 14, 21 and 28 post-
treatment and assessed for its constituent paresneRadiation-induced severe
depletion of blood cell counts were obtained iner@ hrs following 7.5 Gy WBI in
both IL-6 treated as well as vehicle-treated me<(0.001). However, for platelets,
red blood cells (RBCs) and haemoglobin (Hb), thdimémaximum decrease in the
value) was observed at day 14 post-WBI in the Ipré-treated as well as vehicle-

treated mice (p < 0.001) (Fig;4.4.6A-F ). The tdéalkocyte count in irradiated mice
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began to increase from day 21, but still remairigdiscantly low and did not unveil

complete recovery (p < 0.05) till day 28, as coredawith untreated control mice.
However, IL-6 treatment induced a profound acceéderaecovery in the WBC index,
leading to the achievement of baseline values lyyda which was almost 4 folds
higher (p < 0.001) than the levels seen in the V@Bhe cohort (Fig;4.4.6A). The
lymphocyte and granulocyte number also reached tfair values just after 24 hrs
post-WBI. Lymphocytes showed a slight recoveryayt 81 but still did not enter the
same benefits as the untreated control (6.34+24bmtrol vs 0.855+0.572 in IR, p <
0.001). However, IL-6 treatment most effectivelyedrated the recovery from
radiation-induced lymphocytopenia, leading to tobi@vement of the baseline point
(7.39£2.56, p < 0.001) (Fig;4.4.6B). Further, rdéidia alone failed to attain the normal

level up to day 28 (1.98+0.091 in IR vs 6.3£0.143L-6+IR).

For granulocytes, the decline was similar to tHdymphocytes until day 14 after WBI.
The counts were very low till day 14, which wasi¢ative of severe neutropenia in both
IL-6 treated and untreated cohort. IL-6 showed reovery at day 21 and 28 after
irradiation leading to a significantly higher numbef granulocytes in IL-6+WBI
(1.82+0.056 vs 3.25+0.646 in WBI at day 21) (p 85).at day 28 post-treatment, with the

numbers reaching the baseline values in IL-6 + Wik (Fig; 4.4.6C).

The platelet count began to decline by day 03 edt#iation, reaching its nadir on day 14 in
both drug- and vehicle-treated groups, thoughetheld were not reduced to the same extent
in drug-treated mice as that in radiation alonaugrdlatelet count was still significantly

higher in IL-6+ WBI (p < 0.05) than WBI cohort atyd14. Although the platelet levels
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increased by day 21 in IL-6 treated as well asatiahi alone mice, only IL-6 treated cohort
recovered completely at day 28 and reached the galmes as those of untreated control
mice (653+12.727 in control, 487+£53.740 in IR &4d+43.840 in IL-6+IR) (Fig;4.4.6D).
The RBC counts in radiation alone group exhibitesthalar pattern, reaching its minimum
value at day 14 (p < 0.001), and failed to attmimjglete recovery even at day 21 (p <
0.001). In contrast, IL-6 treatment significantigyented the decline in RBC counts from
day 7 to 14 and showed complete recovery at d4y.29+0.806 in IR vs 9.40+£0.271 in IL-

6 +IR). However, RBC counts in the IR alone groeprgcovered at day 28 (8.38+0.07 in
IR vs 9.39£0.325in IL-6 +IR) (Fig;4.4.6E). The Htvels also presented a decreasing trend
from day 07 till day 14 following irradiation. IL-Beatment cohort had significantly higher
Hb level at day 14 with respect to IR alone (4.928.in IR vs 7.6+0.707in IL-6+IR). Both
the groups attained the baseline values at da§ig14.4.6F). Thus, these results revealed
the potential of IL-6 in mediating recovery frondiation-induced cytopenia and, hence

protecting C57BL/6 mice from WBI-induced lethality.
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Figure 4.4.6: Effect of IL-6 on radiation-induced alterations eripheral blood cell
populations. C57BL/6 mice were administered IL-8hr2prior to 7.5 Gy WBI and 3 doses
post Irradiation at 24, 48, and 72 hrs (A) Total @/Bount (B) Lymphocyte nhumber (C)
Granulocyte number (D) Platelet count (E) RBC (Rehkhoglobin at 01, 03, 07, 14, 21 and 28
days post-treatment. *; p<0.05; **: p<0.001.

Although, IL-6 showed significant recovery of thagmatopoietic system on 7.5 Gy,
which was a relatively high dose for H-ARS. Therefave also evaluated the effect
of low dose ionizing radiation on peripheral blooount. Radiation-induced severe

depletion of white blood cell counts has obtainedice 24 hrs following 2 Gy WBI
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in both IL-6 pre-treated as well as vehicle-treat@de (p < 0.01). In contrast to the
animals receiving high IR dose, 2 Gy irradiatechaais exhibited fast recovery. The
total leukocyte count began to increase after dayIR treated animals but remained
significantly low as compared to control and IL-B+group till day 28 and did not
show complete recovery (p < 0.05). The lymphocytd granulocyte number also
reached their nadir values just after 24 hrs poBi-@hd started recovering from day
3 onwards. However, IL-6 treatment significantlgueed the initial dip at 24 hrs, and
the difference was more than 2 fold at day 3 indimocyte count (0.69+0.12 in IR vs

1.52+0.253 in IL-6+IR cohort, p=0.001) (Fig; 4.4)7B

Lymphocytes showed a significant recovery in radiaglone but still did not reach
the same values as the untreated control at d¢y.88+2.40 in untreated vs 4.1+0.55
in IR, p < 0.01). However, IL-6 treatment mosteetively mediated the recovery
from radiation-induced lymphocytopenia (7.82+2.24Gyanulocyte count was also
modulated by 2 Gy after WBI but recovered completdl day 28 (Fig;4.4.7C).
However, IL-6 treatment resisted the initial dipgranulocyte count at 01, 03 and 07
day post-IR and maintained significantly high ampared to IR alone cohort. After
day 7, irradiated animals also showed acceleraealvery and achieved normal count
by day 21(1.745+0.134 in control vs 1.47+0.43 in VR 1.63£0.37 in IL-6 +IR
cohorts). There was a non-significant alteratiorpliaitelets, RBC and haemoglobin

following 2 Gy irradiation (Fig;4.4.7D, E, F).
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Figure 4.4.7. Effect of IL-6 on radiation-induced alterations peripheral blood cell
populations at low IR dose (2 Gy). C57BL/6 mice &vadministered IL-6, 2 hr prior to 2 Gy
WBI followed by 3 doses post WBI at 24, 48, and M2 (A) Total WBC count (B)
Lymphocyte number (C) Granulocyte number (D) P&tetount (E) RBC count (E)
Haemoglobin at 01, 03, 07, 14, 21 and 28 days aftatment. *: p<0.05; **: p<0.001.

4.4.3.2 Effects on bone marrow cellularity

Bone marrow is a critical target of ionizing radatand myelotoxicity resulting from

acute exposure of low to moderate doses of radiaid is the major contributing
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factor for radiation-induced haematological toxicivlyelotoxicity/myelosuppression
or bone marrow depression is indicated by lossoofebmarrow cellularity, resulting
in compromised haematopoiesis and increased sisitigpto infections (Shao, Luo,
& Zhou, 2014; V. K. Singh, Newman, Berg, & Mac\}i2015). To evaluate the
effect of IL-6 on radiation-induced damage to tlomé marrow compartment, we did
a histological analysis of the femur and assedsedumber of nucleated cells in bone
marrow on day 14 post-irradiation in C57BL/6 mittewas observed that the number
of bone marrow cells was nearly 60% low in WBI grpas compared to the un-
irradiated control group (8.8+2.21x %5 29+3.82x 10in control; p< 0.001) at day
14 post-irradiation. IL-6 pre-treatment to irraéidt mice showed a significantly
higher bone marrow cell number, with the count beédré folds elevated (20.5+2.828;
p< 0.01) (Fig;4.4.8A).These results corroboratedl weth the histopathological
changes observed in the femur of mice belongirdjfferent treatment groups at both
the IR doses. Disruption of bone architecture aedgese marrow hypoplasia,
evidenced by reduced cellular density was evidentVBl mice. Radiation-induced
depletion of bone marrow stem cells was overcomb_/treatment. The cellularity
of the femur in animals treated with IL-6 was comade to the naive animals (Fig;
4.4.8B&C). Taken together, this data indicated thia®6 has the potential to
ameliorate WBI-induced BM hypo-cellularity by fatating the proliferation of stem

cells, thus accelerating hematopoietic recoveryBidegeneration.

165



Chapter 4

(A)

40
35
30

20
15 *%
10

Cell No.(X10°%
Day 14

2
©

(\ B
\3

(B) Control IL-6 IR (7.5Gy) IL-6+IR

Figure 4.4.8: Effect of IL-6 on the bone m
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14 days post 7.5 Gy irradiation. IL-6 treatment fedlewed according to the multi-dose protocol.
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4.4.3.3 Effects on radiation-induced spleen atrophy and splenocyte death

The spleen is the secondary lymphoid organ compo$atumerous round, long or
irregular aggregations called white pulp (W.P.ated in the red pulp (R.P.) with the clear
and prominent marginal area in between them. Toesgartments (W.P. and R.P.) are
enclosed by the compact connective tissue capsuevihich trabeculae extend deep into
the interior of the spleen. Lymphoid organs arélgigadio-sensitive because of their high
turnover rate; therefore, IR induced cell death baneasily observed in these organs
(Kulkarni et al., 2010; Mauch et al., 1995). Losssplenocytes because of IR induced
apoptosis results in the overall loss in the simtweight of the spleen (splenic atrophy)
(Ha, Li, Fu, Xiao, & Landauer, 2013). To determthe effect of IL-6 on WBI (7.5 Gy)
mediated splenic atrophy, spleen size and weight waken at day 3 post-WBI. A
significant contraction in the spleen size was ntegkin WBI mice, which was around
25% lower in comparison to the size of normal spieeun-irradiated mice (p < 0.01). A
similar observation was made with the spleen weighich displayed a 3- fold reduction
in the WBI group in contrast to the un-irradiatexhttol mice (p< 0.001). This radiation
induced splenic atrophy was countered by IL-6 tneait and the spleen size was found to
be marginally reduced but comparable to the siz¢hefnaive mice (p< 0.05; Fig;
4.4.9A&B). The spleen weight was also found to lzekedly increased in the IL-6+WBI
mice (p < 0.05), but it still remained significaniibwer than that of the naive animals (Fig;
4.4.9C). Further spleen to body weight ratio coméid the radiation induced spleen
shrinkage independent of body weight (p < 0.01);(E.4.9D). Furthermore, flow
cytometric analysis of apoptosis in spleen reve#ihed IL-6 significantly reduced the
percent increase in total apoptotic cells as coetpty WBI alone (12.75+0.353 in WBI

vs 7.5 £0.707 in IL-6+WBI, Fig; 4.4.9E). Haematadrybnd eosin (H&E) staining of
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transverse sections of spleen revealed that th ardl density of white pulp in spleen at
day 3 post irradiation was disorganized and comjz@airin comparison to control mice. It
was followed by spleen contraction and the decdeesitularity of the white and red pulp.
The white pulp is the site of B and T cells diffeiration and interaction to blood borne
antigens. IL-6 pre-treatment to irradiated aninpas/ented the loss of cellularity in the
white and red pulp and the deformation of spleenphaogy (Fig; 4.4.9F). These
findings proposed that the alleviation of WBI-meeéhinjury by IL-6, also contributed to

the hematopoietic recovery in secondary lymphaicios.
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Figure 4.4.9: Effect of IL-6 on spleen atrophy (A) Representativages of spleen (B) spleen size
and (C) spleen weight (in mg) (D) Spleen weigheindf irradiated C57BL/6 mice analyzed at day
3 post-treatment (E)Total apoptotic cells ahgsl post-irradiation. (F) H&E staining of spleen
sections was performed 3 days after WB (7.5Gy)oi#dheads show white pulp). IL-6 treatment
was followed according to the multi-dose prototgh<0.05; **: p<0.01.

4.4.3.4 Effect of I1L-6 on radiation-induced DNA damage and repair in PBMCs
Radiation-induced oxidative stress causes damagigetcoellular macromolecules, the
most sensitive target being the DNA. DNA DSBs repr¢ the most critical lesions
induced by ionizing radiation, which can be assid$se detecting the-H2AX foci
formation at DSB sites by immunostaining, as it badn established that the ratio of
visible y-H2AX foci to DSBs is nearly 1 (1:1) (Moroni, Maed&/hitnall, Bonner, &
Redon, 2013). Since IL-6 had shown the potentiateiduce the radiation-induced

oxidative stress; it prompted us to study its acta DNA damage induction and repair



Chapter 4

in the peripheral blood lymphocytes (PBMCs). Theolghbody irradiation with 2 Gy
dose of C57BL/6 mice induced a significant amodridA damage in the PBMCs, as
nearly a 10 fold rise in the average number of Yeas$ observed in the irradiated cells,
1hr post-exposure (7+2.5 vs 2+0.5in control; p<19.0he pattern of foci suggested
discrete sites of damage induction. These obsenstiare depicted in the
photomicrographs presented in Fig; 4.4.10, whidw&d the appearance and clearance
of y-H2AX foci after irradiation at 1, 4 and 24 hrs.eTlevel of damage induction was
markedly reduced in IL-6 and IR co-treated cells,tlze average foci per cell were
about 30% lesser in these cells (5+0.5 vs 7.3#1radiation alone; p< 0.05). At 24 hrs
post-treatment, unrepaired lesions accounted fostadistically significant higher
residual damage in the irradiated cells, whilelir6 ladministered mice, the residual
damage was only 50% of the WBI alone cohort (3a%%+1in radiation alone p<
0.05) (Fig;4.4.10A ) suggestive of an efficientaief the DSBs. A temporal reduction
in the number of foci was indicative of ongoinga&pwhich was compromised in the

radiation alone cells as compared to the IL-6 prated ones.
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Figure 4.4.10: Effect of IL-6 on radiation (2 Gy) mediated DNA dage and repair in
peripheral blood mononuclear cells of C57BL/6 m{&¢ Quantitative analysis of- H2AX
foci at varied time points (B) The representatit@tomicrographs showing distingtH2AX
foci at varying time intervals, with a frequencytoigram of the number of foci/ nucleué. *
p<0.05; Star shows significance w.r.t. to contrud # showed with respect to IR.
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4.4.35 Effects of IL-6 on radiation-induced cell cycle perturbations in Bone
marrow cells
Since the imbalance in cell proliferation and dedttermines the size of the

hematopoietic stem cell pool, we analyzed the ©gile progression of BM cells to
deduce the effect of IL-6 on radiation-induced apsis and proliferation in these
cells. Cell cycle checkpoint activation forms armerent component of the DNA
repair machinery and ensures damage-free proiiberaf cells. Radiation treatment
accumulated cells in S and G2/M phase of cell cgtlé2 hrs post-exposure, followed
by a significantly higher proportion of cells wittypodiploid DNA content (sub-G1
population, an indication of apoptotic/degeneratoedls) at 48 and 72 hrs (11.8
+0.424% at 48 hrs and 13.9 +3.39% at 72 hrs vs#3.28 % in control p< 0.01).
This could be due to a high level of unrepaireds-meppaired DNA damage that
ensued the initiation of cell death in these cdllsis data was consistent with the
H2AX foci observed at 24 hrs of IR exposure (Fig}.20). The fraction of cells that
accumulated in the S and G2/M phase was releadkedviing IL-6 treatment, and
there was a reduced population in sub-G1 phasé,at®and 72 hrs (2.46+0.45% at
24 hrs, 1.7 £+0.98% at 48 hrs and 2.66 +1.401 dirg2p< 0.01; Fig; 4.4.11B) which

suggested proliferation, repair and reduced ap@physIL-6.
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Figure 4.4.11: Effect of IL-6 on radiation-induced cell cycle pathations in the bone
marrow cells of C57BL/6 mice. (A) Representativewl cytometric DNA histograms
presenting the cell cycle distribution pattern avwe, WBI and IL-6+ WBI mice at 24, 48 and
72 hrs of treatment. (B) Graphs represent the peage of cells in the distinct phases of the
cell cycle at 24 -72 hrs. *; p<0.05; **: p<0.01.

4.4.3.6 Effects of 1L-6 on radiation mediated cytogenetic damage in the cells of

Bone marrow

Radiation induces free radical-mediated DNA damagech further results in
interphase and/or mitotic cell death in differemnfatopoietic compartments and
contributes significantly in WBI induced lethalittMaier, Hartmann, Wenz, &
Herskind, 2016). Radiation causes residual DNAoggnetic) damage which can be
visualized as micronuclei in the nucleated cellgsha bone marrow compartment.
There was a substantially higher (~4 fold) M-frantiin the BM nucleated cells of
WBI cohort than its un-irradiated counterparts &thds (p<0.01; Fig;4.4.12A). IL-6
offered protection against radiation-induced micaaei formation as it reduced the
M-fraction by 50%, i.e., from (12.25%£2.42) to (6538)(p< 0. 01) at 48 hrs and

(5.83+0.752) to (1.993+0.75) at 72 hrs after trestta. The bone marrow cell
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enumeration at the same time was correlated andestige of the fact that cells
having micronucleus were removed from the system @amaintained a low cell
number in IR group as compared to IL-6 +IR cohitir?2 hrs (0.912 x 180.152 in

IR vs 1.77 x 18£0.191 in IL-6+IR groups) (Fig;4.4.12B). These afvsdions,
together with the results of theH2AX assay (Fig;4.4.10), strongly suggested the

geno-protective potential of IL-6.
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Figure 4.4.12: Effect of IL-6 on radiation mediated cytogenetanthge in the BM cells of
C57BL/6 mice (A) Number of micronucleated bone roarrcells (M-fraction) at 24, 48, 72
hrs of treatment. (B) Bone marrow nucleated cedlsrpl at 24, 48 and 72 hrs. *: p<0.05.

4.4.3.7 Effects of IL-6 on BM hematopoietic stem cells

Bone marrow is a kind of reservoir for many typésedls, including both blood-forming
(hematopoietic) and non-blood forming (stromal aewdothelial) progenitor cells.
Hematopoietic stem cells (HSCs) are most sengibivadiation injury and results in the
manifestations of acute radiation injuries like rhaerhage, illness, and bone marrow
failure (Dainiak, 2002; Shao et al., 2014). All thenune and blood cells including B and
T lymphocytes, natural killer cells, platelets, tergcytes, myeloid cells, mast cells and
dendritic cells (DCs) are continuously replenishgddSCs throughout the life span of an

organism. Radiation injury to the BM can affect thiehes for stem cell development and
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therefore, the recovery from hematopoietic injdityus, preservation of the stem cell pool
is essential for stem cell rejuvenation and difigetion (Kulkarni et al., 2010; Yin & Li,
2006). HSCs constitute long-term HSCs (LT-HSCsrtsterm HSCs (ST-HSCs), and
multipotent progenitors (MPPs), which can be charaed with specific cell-surface
markers through immunostaining and detection ufiimg cytometric technique. The
murine HSCs are typically lineage negative (List#sm cell antigen-1 positive (Sca-1+),

and cKit+ (together called LSK cells).

Flow cytometric analysis at 24 hrs post-irradiatienealed that 2 Gy radiation dose is
sufficient to cause stem cell transition from quoesg to proliferation phase.
Therefore, the percentage of LSK cells was incrasg irradiation (6.3%) as
compared to non-irradiated control (3.7%) (Fig;43). However, IL-6 pre-treatment
before irradiation significantly increased the L$lépulation to 10.4%, which is
suggestive of increased proliferation. Further, tB& population was differentiated
to short term HSCs to recover the ablation of bloelfs. Under no stress condition,
e.g. un-irradiated control, out of 3.7% LSK, 91%rev&T-HSCs, and only 9% were
ST-HSCs (which were required to maintain the hepuwitgic pool). Irradiation (or
any genotoxic stress) brought the conversion of c8ks more towards ST-HSCs to
hasten the recovery, therefore out of 6.3% LSKscél% were LT-HSCs, and 30%
were ST-HSCs in IR while the IL-6 pre-treatmentr@ased the ST-HSCs to 40%
signifying intense recovery compared to IR alonkee Tata were correlated with our
haematological counts at 24 hrs post 2 Gy irragiietvhich had more blood cell count
in IL-6 pre-treated irradiated group in compariseith IR alone Fig; 4.4.7. These
results indicated that IL-6 facilitated hematopicigecovery following irradiation by

augmenting the proliferation and differentiationH$Cs.
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Figure 4.4.13: Effect of IL-6 on hematopoietic stem cell pool ihetbone marrow of
C57BL/6 mice; percentage of LSK (Ltn SCALl+, cKit+) cells (P5 population) out tiie
total population with representative FACs plotsp@ppanel). LSK cells were dragged to
differentiate between LT-HSC (CD3jtand STHSC (CD34+) (lower panel).

4.4.4 Modification of radiation-induced gastrointestinal (Gl) damage by IL-6

The intestinal epithelium is a rapidly renewingtis, damage to which can be a cause
of mortality following moderate to high doses of. IRis an early responding tissue
because of the high sensitivity of intestinal steglis (P. K. Singh et al., 2012). An
acute injury is caused by the rapid stem cell aggiptat the crypt base, leading to an
inadequate supply of cells required for maintaining mucosal lining, followed by
the mitotic cell death 24-48 hrs post-radiation r{Baud et al., 2010). Radiation
exposure elicits injury not only in the mucosalneémts but also in the vascular
compartment. This results in intestinal barrierujision and vascular permeability,

which then initiates or perpetuates inflammatonydmator release, causing damage to
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distant organs as well (Buell & Harding, 1989). $hunjury to the gut may be
regarded as the key player in the initiation of tiplé organ dysfunction syndromes
or failure (Monti, Wysocki, van der Meeren, & Giiffs, 2005). Gl injury in the lack
of recovery can be devastating and can resultendémth of animals within 10-15
days, thus underscoring the importance of intestirgeneration as an essential

criterion in the development of radiation counteasi@e agents.

4.4.4.1 Modification of radiation-induced gastrointestinal injury

The severity of injuries to the bone marrow andr@tt is the primary determinant of
survival after receiving moderate doses of ioniziadiation (Williams & McBride,
2011a). The induced apoptosis is primarily resgaador the decreased survival (cell
loss), which leads to structural and functiona¢rations in these two compartments
(Duckworth & Pritchard, 2009). To assess the paérdf IL-6 in ameliorating
radiation-induced gastrointestinal injury, we cagrout the histopathological analysis
of the small intestine at day 01 and 07 followingatment in C57BL/6 mice. The
jejunum was selected as the primary tissue foop&hological analysis. Fig;4.4.14A
shows the representative photomicrographs of Hé&dst jejunum sections
obtained from mice of the different treatment guprhe jejunum from irradiated
mice showed marked structural distortions charamdr by denuded mucosa,

shortening of villi, cellular desquamation at vdltips and epithelial detachment.
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Figure 4.4.14: Effect of IL-6 on jejunal histology of irradiated ice. Representative

photomicrographs of H & E stained jejunal sectitasvested from C57BL/6 mice, treated
with IL-6 prior and post-irradiation with 7.5 Gyradiated mice showed shortening of villi
(vertical line), sloughed off mucosa (*) and logscoypts (arrows) at day 01 with marginal
recovery at day 07. Scale bar= 200um
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The damage induction was more pronounced in irtedianice; however, IL-6
treatment reduced the structural abnormalities exhusy WBI at day 01. This was
evident by the preserved villi length at day 07 #re overall structural integrity. The
mucosal morphology was retained to the level oftmbnin IL-6+WBI mice as

compared to WBI at day 07 post IR, and discerndifterences in the histology of
WBI and IL-6+ WBI mice could be clearly observedowever, the differences were
significant between control and IL-6+WBI as showm substantial changes in
mucosal architecture and a few interspersed shwiflerindicating partial injured

mucosa. These results demonstrated the remarkataatial of IL-6, in restoring the

structural integrity of the small intestine follavg radiation injury.

4.4.4.2 Effects of radiation-induced oxidative stress and apoptosis on Gl tissue

and itsmodulation by IL-6

It is well established that IR exposure leads ®ROS generation, and the oxidative
stress resulting from an imbalance in the overpctdao of ROS and the cell's

antioxidant defence machinery has a key role ediation-induced cellular damage
and thus, apoptosis (Jin, Sung, In, & Park, 20048, therefore, measured the levels
of MDA, a consistent indicator of oxidative stremgdiated tissue damage (Del Rio,
Stewart, & Pellegrini, 2005), and protein carbotigla to evaluate the effect of IL-6

on radiation-induced oxidative stress and meastiedexpression pattern of anti-
apoptotic proteins. MDA levels in the jejunum oethradiated mice were increased
by approx. 2.5 fold at 24 hrs of IR treatment (p.€01) (Fig;4.4.15A).Pre-treatment
with IL-6 reduced the IR-induced elevation in MDAvkls up to the normal extent.
The MDA content was found around 3 fold less in6-WBI mice (p < 0.001 vs

radiation) at 24 hrs post IR. Further, at day 0gtpR, the MDA level came near to
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control 2.45+0.467 nmol/mg protein in control vs448t0.534 in IR alone. However,
in IL-6 and radiation treated animals, the MDA lsvevere found below control
(1.32+0.26) at day 07 (Fig; 4.4.15A). ROS not odéymages the membrane lipid but
also another important macromolecule that is pnotiierefore protein carbonylation
was also checked as a result of radiation injurg Wserved a robust increase in
protein oxidation due to irradiation but, IL-6 ttegent prevented protein oxidation
significantly and the level did not exceed to 50f4he irradiation (27.23+4.20 in IR
vs 13.20+0.377 in IL-6+IR; p < 0.001, Fig; 4.4.15B) day 01 post irradiation.
However, at day 07 the values observed were corblgara control in all groups. The
differences in the lipid peroxidation and protearlwonylation in different treatment

groups suggested lower oxidative stress followetbimer apoptosis.

In response to gamma radiation, the intestinaltargpls rapidly undergo apoptosis and
cause gastrointestinal toxicity (Rotten & Gran989P. K. Singh et al., 2012). Apoptosis
was investigated in Gl tissue following radiatiotpesure using TUNEL assay by flow
cytometric analysis at day 03 post-irradiation. Thean fluorescence intensity (MFI),
representing TUNEL positive cells, was comparedvbeh the different treatment
groups. Irradiation led to the initiation of apagfin the jejunum cells, indicated by
around 3 fold enhancement (p< 0.05) in the MFlaspared to the un-irradiated control,
which was decreased by ~ 1.5 fold upon IL-6 pratinent (p< 0.05; Fig;4.4.15C).
Reduced apoptosis was further validated by thee@sed expression of anti-apoptotic
proteins like Bcl-2 and Mcl-1 in Gl tissues (Figa45D). These results suggested that
IL-6 has a strong potential of protecting mice fraadiation-induced Gl injury owing to

its potent antioxidant and anti-apoptotic propstrtie
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Figure 4.4.15: Effects of IL-6 on radiation-induced oxidative sseand apoptosis. (A) MDA
content and (B) Protein carbonyl content at dayafd 07 post-irradiation with 7.5 Gy (C)
Graph represent the Mean fluorescence intensity WXEL positive cells with respect to
control at day 3 post-irradiation (D) Protein exgsien pattern of cleaved Bcl-2, Mcl-1 in
naive, IR and IL-6+ IR mice at day 3 post-irradiatins: non- significant; *: p<0.01.

4.4.4.3 Effect of 1L-6 on radiation-induced alterations in cellular antioxidantsin
Gl tissues
Since IL-6 was found to reduce the level of oxidatiof biomolecules (lipid and

proteins) following radiation exposure (Fig; 4.4.,1%e sought to investigate if this
was because of the modulation of the antioxidaferdee system. In accordance with
the lipid peroxidation and protein carbonylatiosuks, irradiation compromised the
cellular antioxidant defence mechanism. There wasrsiderable reduction in total
antioxidant capacity at day 01 post IR comparecbtatrol (1.00+0.094 vs 0.56+0.037
in IR, p < 0.001). However, IL-6 pre-treatment s¢sd this IR mediated change

(0.86+0.095) and maintained the antioxidant levelesmparable to control

18~



Chapter 4

(Fig;4.4.16A). Further, IR caused depletion of G&8Hhe Gl tissue of both IR alone
and IL-6+IR, and non-significant changes were olesgtbetween the two groups on
day 1. Conversely, IL-6 significantly recovered froGSH depletion concerning
irradiation cohort at day 07 post IR (8.55+0.591iR6+IR vs 5.16+1.01 in IR),

though still significantly low from un-irradiatedntrol (14.71+2.92) (Fig; 4.4.16B).
Values of GSH expressed as nanomoles/mg protein-s¢mificant changes in GSH
between IR and IL-6+IR groups at 24 hrs post-imtidn suggested the contribution
of other antioxidant enzymes in maintaining totati@xidant capacity and recovering
from oxidative stress damages. Overall results slbotivat IL-6 prevents the harmful
consequences of oxidative stress produced fromatiadi exposure in Gl by

strengthening the antioxidant defence machinery.
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Figure 4.4.16: Effect of IL-6 on radiation-induced alterations the level of cellular
antioxidants (A) Total antioxidant capacity (B) G&vel in the Gl tissues at day 01 and 07
post IR treatment. *: p<0.0hs=non-significant.

4.4.4.4 Effect of IL-6 on Intestinal Epithelial cell proliferation
The mammalian intestinal epithelium has the capahid self-renew, and the entire
epithelium can be replaced in approx. 3-5 days rikpg upon the severity of the

damage. Therefore, the period between 3-7 days Iposs crucial to observe cell
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proliferation. 5-bromo-2deoxyruidine (BrdU) immunohistochemistry have basad to
level dividing cells (Jin et al., 2007; P. K. Singh al., 2012). Two hrs after BrdU
injection, mice were euthanized, and Gl was remoamd fixed in formalin, then
sectioned and stained for BrdU. Slides were costaied with Dapi. There was a visual
difference between all groups in BrdU+ cells. Tiheeg colour dots showing anti-BrdU
FITC labelled cells. The IR exposed samples shoxeegllow proliferation in Gl crypts;
however, IL-6 treatment enhanced the regeneratiich could be observed by more
BrdU FITC positive cells in IL-6+IR section. This is in line with the H&E staining
data (Fig;4.4.17) where IR alone group showed matgecovery till day 07 that might
be the outcome of radiation-induced loss of steits @d slow or very minimal

proliferation ability, evidenced by BrdU stainingdifferent groups.

(A)
Control IR (7.5Gy) IL-6+IR (7.5Gy)

—~7

ﬁ

Figure 4.4.17: Effect of IL-6 on intestinal epitheial cell proliferation (A)
Photomicrographs showing Gl jejunum sections sthimgth FITC tagged anti-BrdU
antibody (Green dot) at daPy 07 post-irradiatioall<; undergoing proliferation accumulated
BrdU (represented by arrow). Slides were countemsthwith Dapi for nuclear staining.
Image captured at 10X.

4.4.5 Inhibition of STAT-3 signalling reverted the IL -6 mediated radiopr otection
In-vitro studies confirmed the role of STAT-3 in IL-6 meei@ radioprotection
(Fig;4.1.16). Similarly, intraperitoneal injectiafi STAT-3 inhibitor JSI-124 (1mg/kg

body weight) to mice 30 minutes prior to IL-6 arabiation treatment resulted in
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radio-sensitization of animal, observed by decr@asgrvival. There was an early

onset of radiation sickness in the presence 0fl28I-
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Figure 4.4.18: JSI-124 treatment reverses IL-6 mediated radioptiote Kaplan-Meier
survival curve showing the 30-day survival of C578Lmice given an intraperitoneal
injection of JSI1124 (1mg/kg body weight) 30 minutesfore followed by intramuscular
injection of IL-6 (10ng/mice) for 2 hrs before bgiexposed to a lethal dose of radiation
(7.5Gy) (n= 10 mice per group). Three post-exposiages of IL-6 were given as per multi-
dose protocol at 24, 48 and 72 hrs in IL-6+IR aB8H1P4+IL-6+IR groups.

4.4.6 Summary

The study reveals that intramuscular injection lof6lto animals 2 hours before
radiation followed by 3 doses post-irradiation pats them from lethal effects of
radiation by activating STAT-3 signalling. The ration-induced reduction in

peripheral blood indices, bone marrow cellularapd spleen atrophy was recovered
after IL-6 treatment suggesting the protection fradiation-induced hematopoietic
acute radiation syndrome (H-ARS). Further the peddtion of GI crypts cells,

regeneration of villi, reduced macromolecular daesgreduced apoptosis and

enhanced antioxidants in Gl suggested that IL-@Gttnent also protects from
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gastrointestinal acute radiation syndrome (GI-AR&ixther, the inhibition of STAT-

3 reverted the IL-6 mediated radioprotection toreais.
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Figure 4.4.19: IL-6 protects from H-ARS and GI-ARSL-6 treatment prevent radiation-
induced haematopoietic and gastrointestinal acadigation syndromes by activating IL-6-
STAT-3 signalling and resulted in survival at @nbdtdose of irradiation.
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DISCUSSION & CONCLUSION

Literature survey shows a lot of reports about lbeing secreted from tumours and
its associated stromal cells causing IL-6 mediatedmo- and radio-resistance in
cancer, thus posing a major limitation in theragiésmari et al., 2016). It protects
the cells from therapeutic stress-induced cell ldégtactivating various pro-survival
signalling cascades, proliferation, anti-oxidantetee system and inhibition of
apoptosis. The IL-6 mediated radio-resistance iits agpon activation of cellular
protective response has been attributed to be aaetivby IL-6 induced STAT-3
signalling (Brown et al., 2012)(X. Chen et al., 8D1Therefore, we tested whether

IL-6 can also protect the normal and healthy detls radiation.

The process of drug discovery involves comprehensiudies at the pre-clinical (non-
human) level, involving cell cultures, tissue, aedperimental animals as well as
computational simulations for gathering informatiabout the toxicity, efficacy and
pharmacokinetics (PK) of a potential drug, befavasidering evaluation at the clinical
level. For this, we started with finding timevitro cytotoxicity of IL-6 in multiple cell lines

of different origins like hematopoietic (RAW264.7yastrointestinal (INT-407) and
fibroblasts (NIH3T3) cells. In literature, reseat have used varying concentration of
1pg/ml to 500ng/ml, which is suggestive of nontmenge. We tested the concentrations
from 0.1 to 10ng/ml and observed no toxicity at ahyhe concentrations screened in all
three cell lines (Fig;4.1.1). Radio-protectors hasically the compounds given before
irradiation that prevents radiation injury. In cgtudy, we used IL-6 as a prophylactic
approach that will protect the cells/animal agaiadtation insult. Further, we checked the

radio-protective potential of these concentrati@s to 10ng/ml) and foun 0.1ng/ml to be
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ineffective in all the cell lines, but 1 and 10ngnied out to be effective doses at which
radioprotection was observed. We wanted to use ntiremal and best effective
concentration therefore we pursued 1ng/ml doséutare experiments. Growth kinetics
and Clonogenic assays are commonly used to inaéstigdiation-induced cell growth
inhibition and survival of irradiated cells. Intstiagly, IL-6 pre-treatment showed
recovery of all the cell lines from radiation-in@acgrowth delay; this was apparent from
growth kinetics results and validated by clonogeset! survival assay (Fig;4.1.3&4).
Since the objective of the study was to protect rdao-sensitive cells from ionizing
radiation; we selected cellular radio-sensitivity @ major factor for choosing cellular
models for radio-protective studies. In preliminatydies, we worked on a range of radio-
sensitive cells of hematopoietic and GI origin toderately sensitive fibroblast cells.
Since the haematopoietic system is one of the msierable systems to ionizing

radiation; we performed most of our study on munr@ocytic RAW264.7 cells.

Cellular exposure to ionizing radiation initiatestain oxidizing events through direct
or indirect (via the products of water hydrolysisferactions with radiation that may
lead to alterations in the atomic structure of batgnules, hence results in damaged
DNA, proteins, and lipids (Hall, Eric J. GiacciaQdb). Biochemical modifications
that arise in cells due to radiation exposure heedrimary cause for most of the
deleterious effects in mammalian cells. The primBR®S burst occurs just after
irradiation, which eventually goes down but notdrefinitiating a cascade of events
inside the cell through which the second wave ofSRéppears later ("secondary"
ROS) either directly or typically through enzyme wretal catalysed processes.
Consequently, oxidative modifications may endultedlys or months from the first
exposure due to continuous secondary ROS genergimram, Jay-Gerin, & Pain,

2012). Therefore it is crucial to observe the kigebf IR induced oxidative stress.
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We followed the ROS kinetics from 0-48 hrs posadgiiation (Fig;4.1.7A). There was

significant ROS burst just after irradiation, bubme prominent ROS levels were seen
after 24 hrs suggesting the secondary ROS buifs¢. ofganism survives such kind of
oxidative stress by eliciting a response at theeawhar, cellular and tissue level that

neutralize the toxic effects of ionizing radiatigkzzam et al., 2012).

Consequently, IL-6 treatment aided the cells tovisersuch IR induced oxidative
stress by reducing both early and delayed ROS.eSmdochondria occupy a
considerable fraction of cell volume, almost 4-28éfpending upon the cell type and
size (Leach, Tuyle, Lin, Schmidt-ullrich, & Mikkeda, 2001) and consumes around
90% of the body's oxygen, which makes it a prinngegaof radiation and are the chief
source of ROS (Cadenas & Davies, 2000), this i3 imldicated by our results that IR
induced delayed ROS is mainly produced by mitochian(Fig;4.1.7D), which was
reversed by IL-6 pre-treatment. A decrease in rhibodrial membrane potential after
irradiation indicates the poor mitochondrial healthile IL-6 treatment resists this
depolarization and improve mitochondrial health doehction (Fig;4.2.5). This
increased ROS and low energy to overcome stressodpeor mitochondrial health
lead to macromolecular damages observed by oxidaifoDNA, peroxidation of
lipids and carbonylation of proteins after irrathat (Fig;4.1.8). IL-6 treatment prior
to irradiation reduces ROS and subsequently lessamlecular (DNA, protein and

lipid) damage was observed in IL-6 pre-treated gr(tig;4.1.8).

The ROS generation in cells encountered by a wargdt antioxidant defence
mechanisms, including enzymatic and non-enzymaawengers. The most effective
antioxidants having enzymatic activity are catadaseiperoxide dismutases (SOD),

glutathione peroxidase and peroxiredoxins whichveads the dangerous superoxides
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and other oxidative products to,® and then water, on the other hand, non-
enzymatic scavengers like vitamin C, vitamin E,tathiones (GSH), carotenoids,
lipoic acid, and flavonoids interrupts the free icatl generating chain
reactions (Redza-Dutordoir & Averill-Bates, 201&)nizing radiation-exposed cells
stand with the oxidative insult by activation of R@enerating-oxidases, leading to
altered redox and metabolic activity. Subsequeimlpur study we observed that total
antioxidant capacity was reduced after irradiatibowever, IL-6 pre-treated cells
were protected from the effect of IR by upregulgtlh-6 induced total antioxidant
capacity (Fig;4.1.9A). Further, the high levelsretluced glutathione (GSH)in IL-6
pre-treated irradiated cells is the indication otreased activity of glutathione
reductase, an enzyme that converts the oxidizedtatbione to reduced
glutathione(Schmidt, Krieg, & Vedder, 2005). The@Lmediated increase in GSH,
and the SOD activity neutralizes the IR induceddative stress (Fig;4.1.9B&C).
Since the IL-6 predominantly alleviates the delaR€alS (24h post-IR), thus by virtue
of this, alterations in oxidative damage, antioridacapacity and reduced cell death
were observed at 24 hr post-IR, mainly. Since titechondrial health is very crucial
in the initiation of apoptosis in myeloid cellsethi_-6 mediated increase in MNnSOD
expression level also suggested the protection itdchmondria and later apoptosis.
Furthermore, the above observations advocate thierepublished results in cancer
cells, of reduction in ROS and macromolecular dasabat may be the result of IL-6
induced increased antioxidant capacity in a cellt t(uenches ROS burst and the

subsequent ROS mediated damage (Brown et al., 2012)

Apoptosis plays a very crucial role in maintainiggnomic integrity by selectively
removing the population of heavily damaged cellpogtosis can be triggered by any

kind of stress, including oxidative stress, DNA da&, hypoxia, starvation, temperature
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shock and infection (Redza-Dutordoir & Averill-Bate 2016). Under these
circumstances, the relative expression of pro-apiopand anti-apoptotic proteins is
altered that leads to apoptosis. Our results shahedadiation-induced cell death by
AO/EtBr staining and apoptosis by tracking phosgliterine externalization through
annexin V binding along with propidium iodide peatien (Fig;4.1.10&11). The
suicidal process of a cell under stress conditisrsarried out by activation of certain
caspases (initiator or executioner), e.g. CaspaSaspase-3 is regularly expressed in its
inactive form and can be activated through pro&@slgiuring the apoptotic signal. Active
caspase-3 (cleaved form) will cleave its cellulabsirate poly (ADP-ribose) or PARP.
Cleavage of these factors contributes to the apoptbanges inside cells(Yu & Little2,
1998) as clearly seen in our study (Fig;4.1.12¢ figher Bax/Bcl2 ratio observed after
irradiation favouring apoptosis was reversed by6 ltreatment resulting in a lower
Bax/Bcl2 ratio. In ischemic conditions, high Bcl2aiBratio inhibits ROS production and
found to be involved in increasing antioxidants li&SH(Waxman & Kolliputi, 2009).
This is how IL-6 prevents oxidative stress-inducetl death. In stress-free condition,
cells maintained the basal level of p53 withoueetihg their normal functioning. The
activation and stabilization of p53 occur in reg®nto irradiation followed by
upregulation of p21, leading to cell growth arrestp53 dependent apoptosis usually
initiated by radiation-induced DNA damage. The p®fulates the transcriptional
activation of certain pro- or anti-apoptotic gertbgreby increasing the ratio of pro- to
anti-apoptotic proteins (Bax/Bcl2) and thus favauegpoptosis (Fig;4.1.13). Other anti-
apoptotic proteins of Bcl2 family, like Bcl-xI, Mdl along with survivin, the member of
the inhibitor of apoptosis (AIP) family that negally regulates apoptosis were also
upregulated by IL-6 treatment suggested that Ilttbates to a reduction in apoptosis

(Fig;4.1.5&13). IL-6 triggers the STAT-3 pathway many cancers where it mainly
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regulates cell proliferation and survival. Majordj the genes that regulate cell survival
and proliferation, such as Bcl-2, Bcl-xL, Mcl-1,atip D, p21, and survivin are direct
targets of STAT-3 (Kumari et al., 2016). In our dstu we checked the time and
concentration-dependent phosphorylation in theemess of IL-6 and found that STAT-3
get phosphorylated as early as 30 min post-IL-&rnent with 1ng/ml dose and remain
phosphorylated up to 2 hours (Fig;4.1.14A). Morepvéhere was increased
phosphorylation noted with increasing IL-6 concatidn from 0.1 to 10ng/ml; however,
the difference between 1 and 10ng/ml was not segmif. Furthermore, there was no
phosphorylation of STAT-3 without treatment of IL#6 any of the groups, either
irradiated or non-irradiated control was observéd);4.1.14 B). This data further

strengthened our usage of IL-6 dose, i.e. 1ng/rdl Zamour pre-treatment time before
irradiation which is also supported by induction gijcolysis at 2 hour post IL-6

treatment (Fig;4.2.1A&B). Since, STAT-3 is a tramstion factor, it translocate to

nucleus upon phosphorylation which is clearly destrated by fractionation of nuclear
and cytosolic proteins. We observed more STAT-3phorylation in cytosolic fraction

compared to nucleus at 1 hour post IL-6 treatntemwever pSTAT-3 level was found
more in nucleus at 4 hours, suggesting the nutteaslocation and activation of pro-
survival signalling (Fig;4.1.14C). Further, the lmar translocation of pSTAT-3 at 4
hours also reinforced the 4 hour time period atctwviihe expression of pro-survival
proteins has been inspected. IL-6 regulates theepsoof apoptosis by activating STAT-3
and NF-kB signalling, which trans-activates the regpion of many anti-apoptotic
proteins such as Bcl-2, Bcl-xL, Mcl-1 in many canscéGrivennikov & Karin, 2010).

However, in our study, we did not detect any sigaiit increase in NF-kB at this
concentration of IL-6. It may also be possible thab alone at this concentration is not

sufficient for NF-kB activation and other cytokiniie TNF-o etc. are also required to

192



Chapter 5

activate the pro-inflammatory NF-kB. Thereforeniy be considered that IL-6-STAT-3
pathway is solely operated in favour of radioprte; and maybe a mild inflammation
that is beneficial to cells (Fleit, 2014). IL-6ksown to protect cardiac myocytes (normal
cell) from oxidative stress-induced apoptosis thlroTAT-3 signalling and gastric
cancer cells by upregulating Mcl-1 expression (M, Juan CY, Chang KJ, Chen WJ,
2001). Besides Bcl-2, Bcl-xL and Mcl-1, IL-6 alsapports tumour cell survival by
inducing the expression of survivin through dirbetding of STAT-3 to the survivin
promoter (Gritsko et al., 2006). Thus, the incogtion of STAT-3 inhibitor (JSI-124)
inhibits phosphorylation (Fig;4.1.14D) and revertbd IL-6 mediated radio-resistance
and modulated the expression of downstream surpratkins (Fig;4.1.15). Hence, it
appears that cells rely over IL-6-STAT-3 axis whishvery crucial for survival after
irradiation. IL-6 induced STAT-3 phosphorylatiordutes anti-oxidant defence system
and facilitates pro-survival signalling to protettte cells from ionizing radiation.
However, one cannot deny the involvement of sorhergbossible pathways in IL-6
mediated cellular radio-resistance. Therefore, weloeed the role of IL-6 induced

metabolic alterations in radio-resistance.

Previous reports from our laboratory demonstratet the transient elevation of
glycolysis could protect from radiation-induced|cdgath (Bhatt et al., 2015). IL-6
also induced glycolysis in hematopoietic RAW?264ligcdt induced the glycolysis by
increasing the levels of many regulatory glycolygiezymes viz. HK-2, PFK-1 and
PKM2 (Fig;4.2.1)(Kumari, Das, & Narayan Bhatt, i.Enhanced expression of HK-
2 and its association with mitochondria ensuresdrghosphorylation of glucose
using mitochondrial ATP (Z. Chen, Zhang, Lu, & Hgar2009). The PFK-1 is the
first critical and irreversible step of glycolysighich diverts the glucose through

glycolysis (catabolic pathway). It ensures thatcgke does not enter the pentose
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phosphate pathway or gluconeogenesis (anaboliavpgi). At the time of stress or
cellular injury, ATP generated from catabolic patlyw is required for
macromolecular repair and cell survival, therefoddyerting glucose towards
glycolysis for more ATP production is vital and a#ee for cell survival (Berg JM,
Tymoczko JL, 2002). We found higher ATP levelslir6l treated cells (Fig;4.2.2D),
which acts as an inhibitor of PFK-1, however, irsed expression of PFKFB3
(Fig;4.2.2C) produces fructose 2,6bisphosphate6@R2), which acts as an allosteric
activator of PFK-1 and ensures the continuous atitim of PFK-1 even in the
presence of high ATP (Ando et al., 2010; Berg JMmdczko JL, 2002). Further, IL-
6 induced higher protein levels of PKM2 (Fig;4.2)2Baintains the smooth running
of glucose through glycolysis by reducing the Ilevef its substrate
Phosphoenolpyruvate (PEP), which can inhibit th&K-BFand stop the flow of
glucose towards glycolysis. These results sugdestiL-6 induces the glycolysis by

elevating the levels of all the crucial regulatenzymes of this pathway.

Interestingly, IL-6 pre-treatment to induce glycify/could protect the radio-sensitive
RAW264.7 cells from radiation-induced cell deatlg(#.2.3). The protein levels of
glucose transporter and glycolytic enzymes, which decreased after radiation
exposure was found elevated in IL-6 alone and coatbireatment group, suggesting
that IL-6 induced the glycolysis in radiation-expdscells also. Radiation is also
known to induce the glycolysis (Zhong et al., 2012&hich can be observed by
enhanced glucose uptake, lactate production aritehigvels of glycolytic enzymes,
HK-2, PFK-1 and PKM2 in a radiation-exposed sama$e compared to control
(Fig;4.2.2B). However, these levels were foundHertincreased in IL-6 pre-treated
and radiation-exposed (combined treatment) samiphese findings suggest that

radiation-induced glycolysis, which is marginalligter than the control cannot meet
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the requirement of energy to rescue the cells frawfiation-induced cell death;
however, IL-6 can induce the glycolysis at a sigfitly higher level to accomplish
the requirement of energy for repair and survivilcells battling with radiation-
induced damage. This proposition is further condidnby significantly higher levels
of ATP in radiation-exposed cells pre-treated Witk6 as compared to control and
radiation alone (Fig;4.2.2D). The IL-6 inducedthigvels of ATP in IL-6 alone and
combined treatment was noted at an early time fdimirs.), when it was obligatory
to rescue the cells, as ATP is essentially reqUmeénergy-consuming processes like
macromolecular repair, mainly DNA (Bhatt et al. 13D. The reversal of IL-6 induced
radio-resistance by glycolytic inhibitors 3-BP a2dDG (Fig;4.2.3) authenticated the
role of glycolysis in IL-6 induced radio-resistanétadiation-induced mitochondrial
damage also contributes to radiation-induced celitlt we observed that IL-6
reduced the mitochondrial damage in IL-6 pre-tréatells. Interestingly, inhibition of
IL-6 induced glycolysis also reverses the protectdffect of IL-6 from radiation-

induced mitochondrial damage (Fig;4.2.4).

IL-6, after binding to its receptor on the cell fage, induces the phosphorylation of
STAT-3 and PI3K (Phosphoinositol-3-kinase), whiaittier phosphorylates the Akt
(Kumari et al., 2016). Increased Akt phosphorylatie found to be associated with
increased rates of glucose metabolism in cellstr(iis et al., 2004). Akt signalling
influence the glycolysis directly by regulating tleealization of GLUT to the plasma
membrane (Barthel et al.,, 1999), HK-2 expressiond amtochondrial interaction
(Miyamoto, Murphy, & Brown, 2008), and expressidnP&-K-1 and PFKFB3 (Deprez,
Vertommen, Alessi, Hue, & Rider, 1997). Similarl;6 induced Akt phosphorylation
suggested the involvement of Akt signalling in IlirBluced enhanced glycolysis, which

was further verified by knocking down the Akt exgs®n and inhibition of Akt
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signalling under similar experimental settings #ig.5A). Downregulation of Akt
signalling in IL-6 pre-treated samples not onlyueetl the glycolysis (glucose uptake and
lactate production) but also the expression lef/dédey glycolytic enzyme HK-2 and its
association with mitochondria, which resulted il tieversal of IL-6 induced radio-
resistance (Fig;4.2.5E). HK-2 association with wtitondrial outer membrane not only
facilitates the quick phosphorylation of glucosengsmitochondrial ATP but also
prevents cytochrome C release from mitochondrigrethy inhibiting apoptosis
(Pastorino, Shulga, & Hoek, 2002). Therefore, Ilirffluced and Akt mediated
translocation of HK-2 to mitochondrial membrane nmego cause radio-resistance
besides glycolysis. Moreover, besides the dirdet 0 PKM2 in glucose catabolism, it
was demonstrated to facilitate the homologous réamation of DNA repair in the
nucleus (Sizemore et al., 2018). Hence, we camrassoat IL-6 induced high levels of
PKM2, and HK-2 may be causing radio-resistanceutifinaglycolysis along with STAT-3
pathway. Therefore, these results suggest that ildGced glycolysis is a favourable
metabolic change, partly responsible for radiostasce. This study adds induced
glycolysis as one of the major pathways along Wi#6/STAT3, responsible for IL-6

induced radio-resistance.

Since the radiation-induced cell cycle arrest olgrin S/G2 phase was similar as
initiated at 2hr post-IR and subsequently disappatB hr in both IR alone group and
combination with IL-6 treatment (Fig;4.1.5). Thetieation of p53 and p21 facilitates
the cell cycle arrest. Interestingly, p53, as vesllp21 levels, were high in IR alone
group compared with the combination group sugggstio conditions; first, there is
more DNA damage in IR exposed cells that couldb®tepaired during this arrest,
and therefore cells decided to undergo p53 depéndpaptosis which is later

confirmed by noting more population in subG1l phatel6é and 24hr post IR
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exposure. Second, there is low DNA damage in Irérpated irradiated cells which
could be easily repaired during this block; assalltelow p53 and p21 were observed.
Moreover, radiation-induced ROS generation caugémnsive damage to DNA that
may also lead to apoptosis(Simon, Haj-Yehia, & t8ehaffer, 2000). Therefore it is
imperative to see the extent of DNA damage andirépshe presence of IL-6. DNA
damage and repair is a continuous on-off switchgmgcess, depending on the
endogenous as well as exogenous stress posed I$o Raliation-induced DNA
damage is considered as potentially lethal damBg®) than any other endogenous
stress. lonizing radiation often creates clustel@uage sites, known as double-strand
breaks (DSB) which leads to breakage of the phadipeter backbone of both the
strands. In response to these DSBs cells activhgeDNA damage response (DDR),
a very efficient and sophisticated process to deDd¢A damage and then initiate
repair. The manifestation of DSBs triggers phosplation of H2AX histone protein,
a more reliable marker of DNA damage. The phosghtion of H2AX protein is
crucial to initiate DDR and is requisite to attratier repair proteins surrounding the
lesion (Lomax, Folkes, & O'neill, 2013). Our studyowed the time kinetics of
H2AX phosphorylation from 30min to 4hr at 2 Gy dosé y-radiation. The
phosphorylation was at a peak as early as 30 nshlpoand then gradually decreases
up to 4hrs. In IL-6 pre-treated cells, not only thiéial damage induction was low but
also the damage removal kinetics was much fadteésd.dre-treatment controlled these
kinetics and resulted in almost complete disappearaof H2AX foci till 4hr
(Fig;4.3.1). The phosphorylation of histone H2AXyieast and mammalian cells is
known to cause adaptation in a genomic structuae dbsist DNA repair by making
the genome accessible to DNA repair proteins (Bagssit al., 2002). Therefore,

H2AX foci formation leads to the recruitment of MRMNomplex proteins
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(MRE11/RAD50/NBS1) to co-localize at the site of BNlamage (Bassing et al.,
2002). In our study, we found the up-regulatiorN&S1 protein in IL-6+IR groups,
detected as early as 1hr post IR that may havédtedsu faster removal of damaged
lesions and could be the possible reason for tthecten in the frequency of H2AX
foci and the percent DNA damage (Fig;4.3.5). SiAdéM activates itself via auto-
phosphorylation at Ser residue in response to iéspective of any treatment, and
later initiate phosphorylation of its target protei(Podhorecka, Skladanowski, &
Bozko, 2010). IL-6 treatment further enhances itivation which appears to be
delayed in IR alone group. The phosphorylation &fANM proteins initiated the
recruitment of MRN complex proteins that identifNB damage and subsequently
directs ATM protein to the site of a lesion whialrther amplifies the signals to
activates other DDR proteins like RAD51 for chromaemodelling and repair (Saito
& Komatsu, 2015). The NBS activation and localiaatat DSB sites followed by IL-
6 mediated ATM activation/phosphorylation (Fig;%B) promote the activation of
RAD51 mediated homologous recombination (HR) arghire(Bhattacharya et al.,
2017). Similarly, in our study, we found upreguthtRAD51 post-IL-6 treatment
which proposed the initiation of HR pathway foraep The upregulation of RAD51
also implicated in the smooth progression of repion fork after DNA repair. IR
causes not only DSBs but also the Single-strandkb(8SB), DNA cross-links and
base damages. The alkaline comet assay was usksteitt all these types of DNA
damages comprising SSBs, DSBs, and alkali-labtes (M. Zhang et al., 2018)).
The comet assay states the extent of physical dartadNA, instead of getting
involved in activating damage response as donenbgghorylation of 53BP1/H2AX.
Comet assay showed that IL-6 suppresses IR indDbddamage. The length of the

comet tail and percent DNA in tail suggested thedence of DNA damage. IL-6
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treatment significantly recovered cells from IRucdd DNA damage, revealed by tail
length, tail moment, olive moment and percent DNA tail. These were all
comparable to that of un-irradiated cells at 4hstpb-6 and irradiation treatment
(Fig;4.3.2). All this data indicates the early rgoition of damage and the follow-up
response to IR by IL-6 treatment. If the damagedi@¥uld not be repaired, the cells
undergo apoptosis which can be observed by anngihstaining at 24hr post IR
(Fig;4.1.11). Further, the radiation-induced gemominstabilites cannot be
overlooked. If the DSBs are not repaired efficigntt may result in micronucleus
formation which is a small fragment of DNA alignedth the whole genome during
anaphase of cell division and get enclosed byroelhbrane along with the nucleus;
generally, it appears after cell division. Thus thdiation-induced late effects were
assessed by cytogenetic damages in cells. Thergferdollowed the kinetics of
micronucleus (MN) formation from 24 to72 hour posa&diation (Fig;4.3.3). The
occurrence of MN indicates that the cells suffefiean loss of reproductive ability
due to the damaged genome by irradiation. In sades; cells are doomed to die;
thus micronuclei frequency relates to cell surviviad our study, we observed a
decrease in cell number and increase in MN formatidrradiation alone group, and
vice versa in IL-6+IR group at 24 to 48 hour. Reductin DNA damage observed by
H2AX foci in IL-6+IR group might be the reason iowering the MN count in the
same group. Thus, the low frequency of MN in IL+«@ated irradiated group
compared to IR alone advocates the role of IL-etuction of cytogenetic damage.
Since, the frequency of MN was more in IR at bofhad 48 hrs directs that DSBs
are not repaired or removed properly and can aésavitnessed by appearance of
53BP1 foci at 48hour post irradiation. However, dished 53BP1 foci in IL-6

pretreatment group suggested efficient repair antbral of DSBs and the following
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reduction in genomic instabilities (Fig;4.3.4). Morer, 53BP1 might be involved in
the damage repair or in control of checkpoints @ssed with the damage persisting
for several hours. Since radiation cause dama@i& either through base excision
or via oxidation of bases in both the nuclear arntdchondrial genome. We observed
the enhanced mRNA levels of important DNA repaizyames Neil-1 and OGG-1

(DNA glycosylases) in the presence of IL-6 whichtlfer facilitate base excision
repair and repair oxidized bases (such as 8-OHa®&),suggested the role of IL-6 in
DNA repair. Previously, high expression of Neilfesifically reported in S phase of
cell cycle suggesting the involvement in DNA repairing replication (Dou et al.,

2008). However, both the enzymes were known toirgpa oxidized and excised
bases in both mitochondria and nucleus (Dou e2808; Prakash & Doublié, 2015).
Moreover, these enzymes were also reported to girtiie mitochondrial DNA from

excessive consumption of ethanol and showed improgeovery in case of partial
hepatectomy (Tachibana et al., 2014; Xiuying Zhatgal., 2010). Thus, IL-6

mediated DDR, and other repair proteins resultatiérfaster repair of DNA damage.

After observing significant cellular protectionifindL-6 in thein-vitro model, we tested its
radio-protective efficacy in the-vivo model (C57/BL6 black mice). The results have
clearly demonstrated that IL-6 could protect miceT radiation-induced mortality when
given intramuscular injection 2hr before irradiatiand IL-6 doses continued till 72hr,
given a total of four doses at 24 hours interva;&4.2). This 2hrs of IL-6 intramuscular
injection is sufficient to reach the blood and tioeo vital organs, where it activates STAT-
3 and Akt pathways. The blood was withdrawn andl, 2hrs post-IL-6 treatment and IL-6
level in serum were measured, the data showed Iin@rén blood at 2hr as compared to
1hr suggesting that 2hr pre-treatment before mtamti is required to have sufficient and

effective concentration (nearly 1ng/ml) of IL-6 litood. Further, we checked the IL-6
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induced STAT-3 and Akt phosphorylation/activation Haematopoietic organs such as
blood, bone marrow and spleen at 2hr post-IL-@rireat. It can be clearly observed from
this data, that significantly high phosphorylat@rSTAT-3 in blood cells indicates 2hr to
be sufficient enough time for IL-6 to reach in aietion; however, relatively low
phosphorylation in bone marrow cells was obsentea similar time point, suggesting
either low reach of exogenous IL-6 to these tissuasore time is required. But once it
gets in the blood, it is going to activate sigmgllin all the organs sooner or later.
(Fig;4.4.1A&B). The 30-day survival analysis with-6 treatment before and after
irradiation had given 80% survival against 7.5 ®ydbse (Fig;4.4.2) which comprised of
delayed onset of symptoms like weakness, reduqaetitgy dehydration/loss of thirst and
loss of body weight. At the systemic level, damage the hematopoietic and
gastrointestinal systems is the major determingttteosurvival of the organism following
whole-body irradiation (WBI) because of their symit®lity to radiation damage linked to
the high proliferation status (Williams & McBrid2011b). Therefore, we inspected the
role of IL-6 on radiation impairment to these twgan systems. Exposure to radiation
doses above 2 Gy can lead to myelosuppressionindedd the development of
neutropenia, thrombocytopenia and anaemia due gbehiradio-sensitivity of the
progenitors of these lineages. As a result, the $evere diminution in the peripheral
blood count, particularly lymphocytes, leadingrtoriunosuppression and susceptibility of
subjects to secondary infections and death (Daistakl., 2003). Thrombocytopenia,
haemorrhage and defects in the adaptive immunersystue to the depletion of
lymphocytes can further complicate the situatioar{éty and Feng-Tong, 1995). Whole
blood analysis at multiple time points from 24hr28 days post-irradiation (7.5 Gy)
showed radiation-induced cytopenia; however, Ike@tment initiated the recovery from

day 14 onwards and the value reached to their nolewel at day 21 (Fig;4.4.6).
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Furthermore, peripheral blood counts at 2Gy razhatioses from 24hr to 28 days revealed
a different pattern than lethal radiation expogdr8Gy), where the nadir values in blood
cell count observed at just 24hr post IR and stameovering from day 14 onwards.
Whereas in 2Gy of radiation the nadir values aeueat 24hr post-irradiation but start
recovering very early, from day 03 onwards andhgyday 14 all groups recovered and
have a comparable count to that of un-irradiatedrabmice (Fig;4.4.7). Thus, the result
indicates that animals can survive at a low dogadiftion with the slow recovery rate at
no cost of life however at the high dose of radiatnimals cannot survive without the
treatments like IL-6. Further, the peripheral blaodnt is not the true representative of the
hematopoietic damage and could not exactly reflecstem cell reservoir. Bone marrow
is the main hematopoietic tissue, produces all tgpeblood cells. Therefore, the
hematopoietic recovery after IL-6 treatment waghterr confirmed by the enumeration of
bone marrow stem cell pool (Fig;4.4.13). Low dosesadiation may also be deleterious
as observed earlier in case of peripheral bloodtcand may efficiently degrade the stem
cell pool, which is required to recover from raidiatinduced cytopenia. Under any kind
of stress, the protected stem cells forced to nrove quiescent to the proliferation phase.
This transition is required to convert long terensicell (those having self-renewal ability)
to short term stem cells (can differentiate intp type of blood cells) to facilitate recovery
(Pazhanisamy, 2009). In our study, we observedn#dasi phenomenon which can be
clearly indicated by a differential change in patggopulation of short term and long term
HSCs in a hematopoietic pool of IL-6 treatexin-treated animals (Fig;4.4.13) and found
that the remaining pool of stem cells in IL-6 treant after irradiation is enough to help in
quick recovery from radiation-induced cytopeniay(#4.7). Moreover, histopathological
analysis of bone marrow at day 14 post-IR revetiatlIL-6 administration significantly

ameliorates the IR induced bone marrow aplasig4Big), which may be due to recovery
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in blood cell count. It has been demonstratedIRanduced myelosuppression or failure
of HSC renewal is a direct consequence of DNA daniaghe BM compartment. Cell
death occurring in HSCs as a result of un- or eysired DNA damage then manifests as
BM hypoplasia or aplasia, leading to a haematodbgidsis in the marrow(Wang, Liu,
Pazhanisamy, Meng, & Zhou, 2009). Therefore, tikatian-induced DNA damage or
cytogenetic damage was assessed in the PBMCs andaeli$] They- H2AX foci
frequency in PBMCs isolated from irradiated anima&presents the number of DNA
DSBs formed after irradiation and is directly prajmmal to the number of foci formed
(Firsanov, Solovjeva, & Svetlova, 2011). The kicetof formation and removal gf
H2AX foci in the presence of IL-6 was greatly matatl as compared to the PBMCs
from IR alone mice (Fig;4.4.10). Similarly, the agenetic damage in BM cells observed
as M-fraction was also greatly reduced by IL-6ttremt. Hence, we could say that the
accelerated removal of damage indicated that Iteénpted the survival of hematopoietic
cells by reducing damage induction as well as etihgrrepair. Further, the secondary
lymphoid organ, like the spleen, has an importalet in the immune system and renewal
of RBCs. A variety of splenocytes population regidin spleen comprises of B and T
lymphocytes, monocytes, macrophages, and dendetis playing diverse immune
functions, T cells are specifically known to invelin cell-mediated immunity while B
cells produce antibodies or humoral immunity. WBs$ulted in a reduction in spleen
volume, reduction in germinal centres, decreasalighamber and vascular damage. Any
pathological condition or inefficient haematopaesiay also result in reduced cellularity
to other distant organs such as the spleen (Bal0). However, IL-6 administration
significantly protects from radiation induced skege in spleen morphology and the

histopathological alterations including vasculatfrepleen (Fig;4.4.8& 9).
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Mortality in mice after full body exposure to a higose of radiation from 8-20 Gy
occur due to Gl syndrome. Irradiation causes Idsslanogenic crypts, that may
result in shortening of villi length due to the Ity of replacement of new cells
(Macia i Garau et al., 2011). At higher dose&( Gy), animals succumb to death
purely by GI syndrome in 7-10 days; however, wefqraered our study at 7.5 Gy
(which is LDsgs30) only to delineate the mode of injuries. The dalideath within ten
days presumed to be the indirect indicator of Gldsgme (Mason, Withers, & Davis,
1989; Terry & Travis, 1989). Results of the currstutdy performed on Gl tissues at
7.5 Gy radiation dose revealed that IL-6 could wesmice from Gl lethality or
gastrointestinal-ARS (GI-ARS). Since, the prime smuof mortality following
irradiation due to Gl damage is the loss of thenstells that reside in the crypts of
the intestine, which maintains the epithelial Igniof the Gl tract. BrdU incorporation
2 hr before animal dissection, showed less pralifeg crypt cells in irradiated
animals, however IL-6 treatment not only protegtptrcells from radiation-induced
mitosis but also maintain their proliferating atyilwhich is crucial to migrating these
newly formed villi to sustain or regenerate thdiahd epithelial lining (Fig; 4.4.17).
Further, the histopathological examination of Gistie showed the denudation of
epithelial lining following irradiation and theinitiation of recovery by 3 to 5 days
upon IL-6 treatment (Fig; 4.4.14). Moreover, raiiatinduced damage is widely
embraced of oxidative damage due to overprodu@fdROS (Martinel Lamas et al.,
2013). Our data showed that IL-6 administrationobefirradiation significantly
alleviates oxidative damage to biomolecules suclpas and proteins in Gl tissues.
Hence, IL-6 reduces radiation-induced apoptosis amginents expression of anti-
apoptotic proteins such as Bcl-2 and Mcl-1 in thésestinal cells (Fig;4.4.15).

Furthermore, the mechanism underlying in minimizihg oxidative damage and

204



Chapter 5

apoptosis may be the IL-6 mediated elevation iralt@ntioxidant capacity and
availability of free thiols (GSH) that quenches dative stress in Gl tissue
(Fig;4.4.16). This study overall suggests that IRdmted death is via both

haematopoietic-ARS and GI-ARS.

Similar to ourin-vitro study (Fig;4.1.15), inhibition of STAT-3 pathwaging JSI-
124 along with IL-6 administrationn-vivo, reversed the effect of IL-6 induced
radioprotection in C57/BL6 mice (Fig;4.4.18), valithg the proposition that IL-6

induced radioprotection is primarily STAT-3 depentle

Conclusion

The findings of our study clearly confirmed that@Lexhibits radio-protective effects
on multiple cell lines of different tissue origirsurther, it protects the hematopoietic
system and Gl system against whole-body exposumgatoma-radiation inn-vivo
C57/BL6 mice model. IL-6 primarily employed IL-6-8T-3 pathway but also
utilized IL-6-Akt pathway for metabolic modificatis to add on radioprotection. For
this reason, IL-6 is a promising radio-protectivgelat and has the potential to be
developed as a drug against nuclear emergenciesughhthis study intensely
discussed the role of IL-6 in radioprotection; hge it will be interesting to study
the link between IL-6 mediated metabolic modifioatand DNA repair. We observed
only 80% radioprotection in C57/BL6 mice model;ther, it will be pertinent to test
if variation in IL-6 dose or pre-treatment time supportive care like the use of
antibiotics against bacterial infection in Gl togrove the radioprotection in-vivo to
100%. Later, for the development of a drug, it wats the testing and trial in non-

human primates (NHP) for further validation.
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Abstract In the last several decades, the number of people
dying from cancer-related deaths has not reduced significantly
despite phenomenal advances in the technologies related to
diagnosis and therapeutic modalities. The principal cause be-
hind limitations in the curability of this disease is the reducing
sensitivity of the cancer cells towards conventional anticancer
therapeutic modalities, particularly in advance stages of the
disease. Amongst several reasons, certain secretory factors
released by the tumour cells into the microenvironment have
been found to confer resistance towards chemo- and radiother-
apy, besides promoting growth. Interleukin-6 (IL-6), one of
the major cytokines in the tumour microenvironment, is an
important factor which is found at high concentrations and
known to be deregulated in cancer. Its overexpression has
been reported in almost all types of tumours. The strong asso-
ciation between inflammation and cancer is reflected by the
high IL-6 levels in the tumour microenvironment, where it
promotes tumorigenesis by regulating all hallmarks of cancer
and multiple signalling pathways, including apoptosis, surviv-
al, proliferation, angiogenesis, invasiveness and metastasis,
and, most importantly, the metabolism. Moreover, IL-6 pro-
tects the cancer cells from therapy-induced DNA damage,
oxidative stress and apoptosis by facilitating the repair and
induction of countersignalling (antioxidant and anti-
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apoptotic/pro-survival) pathways. Therefore, blocking IL-6
or inhibiting its associated signalling independently or in com-
bination with conventional anticancer therapies could be a
potential therapeutic strategy for the treatment of cancers with
IL-6-dominated signalling.

Keywords IL-6 - Cancer - Therapeutic resistance - STAT-3 -
Chemotherapy - Radio-resistance

Introduction

Inflammation has a very strong link with various types of
cancer. Malignant cells are highly proliferative in nature,
which is facilitated by the inflammatory molecules that are
continuously being secreted by other cells and/or tumour cells
themselves in a microenvironment [1, 2]. Interleukin-6 (IL-6)
is one such inflammatory molecule, which is produced and
secreted by various types of cells including the tumour cells. It
is involved in the proliferation and differentiation of malignant
cells and found to be high in serum and tumour tissues of a
majority of cancers, viz. colorectal cancer [3], breast cancer
[4], prostate cancer [5], ovarian carcinoma [6], pancreatic can-
cer [7], lung cancer [8], renal cell carcinoma [9], cervical
cancer [10] and multiple myeloma [11]. Elevated levels of
IL-6 are associated with aggressive tumour growth and re-
sponse to therapies in many types of cancer [12, 13].
Patients with high levels of circulating IL-6 are generally as-
sociated with poor prognosis and shorter survival, whilst a
lower level of IL-6 is associated with better response to ther-
apy [14, 15].

Anticancer drugs and ionizing radiation used during cancer
therapy induce inflammatory signalling, mainly in the form of
the nuclear factor-kappa B (NF-kB) pathway [16, 17]. NF-kB
regulates the expression of different pro-inflammatory
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cytokines, chemokines and anti-apoptotic genes and acts as a
key molecular link between inflammation and initiation as
well as progression of oncogenesis [18]. Chemotherapeutic
drugs and radiation also induce IL-6 expression in tumour
and stromal cells [12, 13] through the activation of NF-kB
signalling, leading to therapeutic resistance [19, 20]. These
evidences suggest that blocking IL-6 or inhibiting the IL-6
downstream signalling pathways may provide therapeutic
gain in those cancers which are associated with a higher level
of IL-6. This review provides an insight into the current un-
derstanding of the role of IL-6 in the regulation of various
hallmarks and associated signalling in cancer as well as its
contribution to therapeutic resistance. It also provides an in-
sight into how the anti-IL-6 antibody or the inhibitors of path-
ways downstream to IL-6 signalling can improve the effec-
tiveness of cancer radio- and/or chemotherapy.

Interleukin-6

IL-6 is a glycosylated polypeptide chain having a molecular
weight of nearly 25 kDa, depending on the glycosylation and
the species. It has a characteristic structure made up of four
long o-helices arranged in an up—up—down—down topology
[21]. Tt was first discovered as a B cell differentiation factor
(BSF-2) which induces the maturation of B cells into
antibody-producing cells [22]. Besides its role in immune reg-
ulation, it plays an important role in the maintenance of hepa-
tocytes, haematopoietic progenitor cells, the skeleton, the pla-
centa, the cardiovascular system and the endocrine as well as
nervous systems. In the murine haematopoietic system, 1L-6
induces the expansion of progenitor cells by stimulating cells
from the resting stage to enter the G1 phase [23]. IL-6 also
supports various physiological functions by acting as a hepa-
tocyte stimulatory factor and by inducing the acute-phase pro-
tein synthesis. It is also known to stimulate osteoclast forma-
tion, induce bone resorption and is responsible for neural dif-
ferentiation [24]. IL-6 supports the survival of cholinergic
neurons, induces adrenocorticotropic hormone synthesis,
and, in placenta, causes the secretion of chorionic gonadotro-
pin from trophoblasts [23]. IL-6 also plays a very important
role in metabolism. For example, in the absence of IL-6, mice
develop glucose intolerance and insulin resistance, whilst IL-
6"~ mice exhibit signs of liver inflammation [25]. The secre-
tion and availability of IL-6 is ubiquitous, and it can bind to
various types of cells in different tissues. However, its binding
on different cell types may differ, resulting in two different
types of IL-6-dependent cell signalling (Fig. 1).

IL-6 binds to the IL-6 receptor (IL-6R) on the plasma mem-
brane, and the resultant IL-6/IL-6R complex associates with
gp130 and causes gp130 homodimerization to form an acti-
vated IL-6 receptor complex, which is a hexameric structure
consisting of two molecules each of IL-6, IL-6R and gp130
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[26, 27]. The binding of IL-6 to IL-6R occurs at three distinct
receptor-binding sites of IL-6R and gp130. However, the Ig-
like domain of the human IL-6R is not involved in the direct
binding of IL-6 [28]. Upon binding to the receptor and gp130,
IL-6 induces various functions by activating cell signalling
events [24]. IL-6 triggers signal transduction via two forms
of IL-6R: one a transmembrane 80-kDa receptor with a short
cytoplasmic domain (mbIL-6R, also known as IL-6R«, gp80
or CD126) and the other a small, extracellular, secretory sol-
uble receptor (sIL-6R) [29]. Classical IL-6 signalling, which is
the predominant form of I1L-6 signalling, requires membrane-
bound IL-6R (mbIL-6R) and is restricted to hepatocytes, some
epithelial cells and certain leukocytes (Fig. 1) [26]. IL-6R
contains a very short cytosolic domain that lacks the major
potential motifs for transduction of intracellular cell signal-
ling. However, gp130 (also known as IL-6Rf3 or CD130) in
the same hexameric complex is rich in all these potential mo-
tifs required for intracellular signalling, such as SHP-2 domain
and YXXQ motif for JAK/STAT signalling. Upon binding
with IL-6/IL-6R, the dimerization of gp130 leads to the acti-
vation of associated cytoplasmic tyrosine kinases, resulting in
the phosphorylation of various transcription factors [24].
gp130 is expressed in almost all organs, including the brain,
heart, lung, liver, kidney, spleen and placenta, where it plays
an indispensable role in their development, cell survival,
growth and tissue homeostasis [30]. gp130 is a common sig-
nal transducing receptor and is also used by other members of
the IL-6 family cytokines, such as IL-11, IL-12, IL-27, leu-
kaemia inhibitory factor, oncostatin M, etc. [31]. Although the
expression of transmembrane IL-6R is limited to the hepato-
cytes and subsets of leukocytes, gp130 is expressed ubiqui-
tously. Therefore, the IL-6/sIL-6R complex can transduce the
IL-6 signal in various cells, which do not express transmem-
brane IL-6R but express gp130, through a trans-signalling
mechanism. sIL-6R is generated by alternative splicing of
IL-6R mRNA or by limited proteolysis of mbIL-6R by Zn-
dependent metalloproteinase (ADAM10 and ADAMI17, a
disintegrin and metalloproteinases 10 and 17; Fig. 1)
[29-32]. sIL-6R is devoid of the cytoplasmic and transmem-
brane domains and binds to IL-6 with comparable affinity as
the membrane-bound form, thereby mediating gp130 activa-
tion in an autocrine or paracrine manner [21]. Consequently,
by binding to sIL-6R, IL-6 increases its reach to a wide variety
of cells. There is enough evidence to suggest that neural cell,
neural stem cells, haematopoietic stem cells, liver progenitor
cells and embryonic stem cells depend on sIL-6R in their
response to IL-6 [33-36]. The level of sIL-6R present in the
human sera increases during inflammation [32, 37].
Knockdown of the IL-6R gene in hepatocytes reduces the
levels of sIL-6R by 32 % in the serum, whilst ablation of the
IL-6R gene in haematopoietic cells reduces the sIL-6R serum
levels by 60 % [38]. These observations suggest that hepato-
cytes and haematopoietic cells are the main sources of sSIL-6R
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Fig. 1 Classical and trans-signalling of IL-6: In classical signalling,
which occurs mainly in leukocytes and liver cells, IL-6 binds to the
membrane-bound receptor mbIL-6Rx, which then forms a complex
with the ubiquitously present cell receptor gp130 (/L-6R[3). Trans-
signalling can occur in any cell expressing gp130. In trans-signalling,
IL-6 forms a complex with sIL-6R, which is a small part of mbIL-6R«x
produced by either metalloproteinase or by alternative splicing.
Furthermore, the IL-6—sIL-6R complex binds with gp130 on cells

found in the circulation [38]. Like sIL-6R, a soluble form of
the signal transducer protein gp130 (sgp130) is also present in
the circulation at relatively high concentrations during inflam-
mation and cancer [37, 39]. sgp130 is mainly produced by
alternative splicing rather than limited proteolysis, as in the
case of sSIL-6R generation. Since sgp130 binds to the IL-6/sIL-
6R complex in the circulation, it acts as a specific inhibitor of
IL-6-mediated trans-signalling [40]. Classic signalling via the
mblL-6R is not affected by sgp130. Its inhibitory action de-
pends on the IL-6/sIL-6R ratio, with trans-signalling inhibi-
tion at low concentrations [37].

IL6 expression and secretion

The common characteristic of many of the stimuli that activate
IL-6 is that they are associated with tissue damage or stress
(e.g. ionizing radiation, UV, reactive oxygen species, viruses,
microbial products and other pro-inflammatory cytokines)
[12, 41, 42]. TL-6 production is predominantly regulated by
changes in the gene expression of various transcription factors
such as NF-kB, CCAAT/enhancer-binding protein a and acti-
vator protein 1, the major transcriptional regulator, although
posttranscriptional modifications have also been identified
[41, 43]. Though the activation of these transcription factors
leads to the overexpression of this cytokine during inflamma-
tion, its expression is also known to be regulated epigenetical-
ly in breast cancer, hepatocellular carcinoma, colon cancer,

which do not express mbIL-6R. The inflammatory reactions induce the
production of sIL-6R, which elicits response to IL-6 in cells that do not
express IL-6 receptor (mbIL-6R«) and/or remain inert to IL-6 signalling
in normal physiological conditions. Classical signalling activates the anti-
inflammatory pathways and promotes the regeneration of tissues,
whereas trans-signalling activates pro-inflammatory pathways and is
known to play a significant role in many diseases such as sepsis and
cancer

prostate cancer and lung cancer through miRNAs (Lin28
and Let-7) [44].

The normal blood circulating level of IL-6 is nearly 1 pg/ml
[45, 46], but an increase in its level is found under several
conditions such as acute hyperglycemia [47], high-fat meal
[48], normal menstrual cycle [49], physical activity [50] and
during/after surgery [51]. Inconsistent levels of IL-6 have also
been observed during pregnancy, with median values around
128 pg/ml registered at delivery, which drop by more than two
fold (~58 pg/ml) immediately afterward [52]. Furthermore,
serum IL-6 levels have been found to increase drastically dur-
ing sepsis [53].

Many physiological factors such as diet, exercise and stress
are known to regulate the secretion of IL-6 [47-53]. Exercise
is an important stimulus for increased gene expression and
production of IL-6 in skeletal muscle, and the majority of
circulating IL-6 during exercise originates from contracting
muscle, resulting in a 100-fold increase over the normal phys-
iological level [50, 54]. IL-6 produced in the working muscle
during physical activity acts as an energy sensor that activates
AMP-activated kinase and enhances glucose uptake, metabo-
lism, lipolysis and fat oxidation [50]. IL-6 is also known to
sensitize myotubes to insulin and enhances glucose uptake in
muscles for high glycogen synthesis. Moreover, the reduced
level of muscle glycogen also augments IL-6 production and
secretion from muscle cells [55]. In addition to exercise, the
expression of IL-6 increases in skeletal muscles under other
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conditions as well, such as denervation of muscles and mus-
cular dystrophy, also resulting in the upregulated expression
of muscle IL-6 [54]. The adipose tissue produces nearly 30 %
of circulating systemic IL-6, where it is closely associated
with obesity, impaired glucose tolerance and insulin resistance
[56]. Plasma IL-6 concentrations are a predictor of the devel-
opment of type 2 diabetes, and peripheral administration of
IL-6 results in insulin resistance in rodents and humans by
causing hyperlipidaemia and hyperglycaemia [56]. Besides
muscle cells, e.g. macrophages, mast cells, dendritic cells, B
cells and CD4 effector T helper cells in the immune system are
amongst the major sources of IL-6 production [22, 57-59]. In
addition, IL-6 is also secreted by a variety of non-
haematopoietic cells such as fibroblasts, endothelial cells, ep-
ithelial cells, astrocytes and malignant cells [2, 33, 42, 60].
Enhanced levels of IL-6 have been found in many cancers,
with an inverse relationship between IL-6 levels and response
to chemotherapy and hormone therapy [61]. Furthermore, IL-
6 expression has also been found higher in recurrent tumours
as compared to primary tumours, as well as in recurrent met-
astatic lesion as compared to primary metastasis [15].

The primary sources of IL-6 in the tumour microenviron-
ment are tumour cells as well as tumour-associated macro-
phages (TAMs), CD4" T cells, myeloid-derived suppressor
cells (MDSCs) and fibroblasts [59-62]. In the tumour micro-
environment, IL-6 supports tumorigenesis by directly affect-
ing cancer cells through the modulation of both the intrinsic
and extrinsic activities of tumour cells as well as by influenc-
ing stromal cells that indirectly support tumorigenesis [63].
For example, in skin and prostate cancer, the autocrine and
paracrine secretion of IL-6 induces a complex of cytokine,
growth factors and protease network consisting of granulocyte
macrophage colony-stimulating factor (GM-CSF), IL-8,
MCP-1, vascular endothelial growth factor (VEGF) and
MMP-1 and stimulates malignant progression [64].
Basically, tumour cells produce IL-6 for promoting their sur-
vival and progression and do not depend on paracrine release
of IL-6 by stromal cells [63]. However, both autocrine and
paracrine mechanisms of IL-6 are known to influence tumour
progression and metastasis through IL-6 trans-signalling [2,
64].

Pleiotropic role of IL-6

Cancer is an inflammatory disease, and the key feature of
cancer-related inflammation is the expression of cytokines.
Different cytokines play different roles in the onset and reso-
lution of inflammation. However, a ubiquitous and function-
ally diverse cytokine, IL-6 is a pleiotropic cytokine with pro-
and anti-inflammatory properties (Fig. 1). It is an important
cytokine regulating the acute-phase response of inflammation
[21]. During inflammatory response, tumour necrosis factor
alpha (TNF«) induces the expression of IL-6 together with
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other inflammatory alarm cytokines, such as IL-1[3, which
are involved in the elicitation of acute-phase inflammatory
reactions/responses (Fig. 1) [65]. Furthermore, IL-6 controls
the level of acute inflammatory responses by downregulating
the expression of pro-inflaimmatory cytokines and upregulat-
ing anti-inflammatory molecules, including IL-1 receptor an-
tagonist protein, TNF-soluble receptor and extrahepatic pro-
tease inhibitors (Fig. 1) [66]. IL-6 has also been found to
counter inflammation by inhibiting TNF«x release in experi-
mental endotoxemia [67]. This pleiotropic nature of IL-6
maintains the host-tumour homeostasis.

During switch between pro- and anti-inflammatory roles,
TNF« and IL-1{ negatively regulate IL-6 signalling at differ-
ent levels by enhancing the IL-6-induced expression of the
suppressor of cytokine signalling (SOCS3, feedback inhibitor)
and/or targeting IL-6-induced gene expression via its action
on target gene promoters [59, 68—70]. IL-1(3 also counteracts
IL-6-mediated STAT-3 activation independent of SOCS3 ex-
pression [71]. IL-13 is the major regulator of the pro- and anti-
inflammatory nature of IL-6; on the one hand, it reduces the
pro-inflammatory activity of IL-6 that results in the inhibition
of overshooting immunological reactivity, such as in inflam-
matory bowel disease or autoimmune arthritis, whilst on the
other hand, it delays the anti-inflammatory effects of IL-6 to
reinforce the pro-inflammatory processes in the initial phase
of inflammation [70]. Similarly, the high concentration of IL-
13 in the tumour microenvironment must maintain the chron-
ic inflammatory environment by suppressing the anti-
inflammatory processes of I1L-6.

Emerging evidences suggest that IL-6 plays key roles
in the acute as well as the transition (resolution) phase of
inflammation [68]. Furthermore, IL-6 trans-signalling re-
cruits T cells at the site of inflammation by triggering the
expression of T cell-attracting chemokines (CCL4, CCLS,
CCL17 and CXCL10) [72]. Moreover, IL-6 also rescues T
cells from entering apoptosis by STAT-3-dependent up-
regulation of anti-apoptotic regulators (Bcl-2 and Bcl-
xL) and modulation of Fas surface expression [73, 74].
IL-6 also regulates the differentiation of recruited T cells
towards TH2 by inducing the expression of IL-4. Thus,
IL-6 regulates some of the key steps in controlling inflam-
mation and sets the anti-inflammatory environment by
promoting TH2 response [57]. Collectively, these evi-
dences suggest that endogenous IL-6 plays a vital anti-
inflammatory role in both local and systemic acute in-
flammatory responses by controlling the level of pro-
inflammatory cytokines, mainly. The trans-signalling of
IL-6 regulates mainly the pro-inflammatory response;
however, IL-6 classical signalling imparts its anti-
inflammatory or regenerative activity (Fig. 1) such as re-
generation [75], inhibition of epithelial apoptosis and the
activation of the acute-phase response [76].
Understanding of the pleiotropic role of IL-6 in cancer
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is not very clear; however, the information available from
other inflammatory diseases suggest that IL-6 might play
both pro- and anti-inflammatory roles in the tumour mi-
croenvironment, which is crucial for host—tumour
interaction.

Role of IL-6 and associated signalling in cancer

The notion that inflammation drives cancer is now well
established. One of the major drivers of this link is NF-
kB, which plays a central role in the secretion and activa-
tion of numerous pro-inflammatory cytokines from multi-
ple cell types in the tumour microenvironment, including
macrophages, T cells and epithelial cells [43, 57, 58].
Several pro-inflammatory cytokines released by innate
and adaptive immune cells regulate cancer cell growth
and thereby contribute to tumour promotion and progres-
sion. Amongst these, IL-6 is important in the development
of human cancer and activates oncogenic pathways, and it
is known to be deregulated in cancer [77]. Overexpression
of IL-6 in many types of tumours, such as colorectal can-
cer [3], prostate cancer [5], breast cancer [4], ovarian car-
cinoma [6], pancreatic cancer [7], lung cancer [8], renal
cell carcinoma [9], cervical cancer [10], multiple myelo-
ma [11] and lymphomas [78], suggests a strong link be-
tween this cytokine and cancer. The high susceptibility
and incidence of liver cancer in males is also found to
be associated with high levels of IL-6 [79]. However, in
females, oestrogen steroid hormones inhibit IL-6 produc-
tion and so protect female mice from cancer [79, 80].
Activation of the IL-6/STAT-3 signalling axis is an impor-
tant event in cancer which promotes tumorigenesis by
regulating multiple survival signalling pathways in cancer
cells [24]. IL-6 regulates nearly all hallmarks of cancer,
such as inhibition of apoptosis [81, 82], promotion of
survival [8, 75], proliferation [35, 83], angiogenesis
[10], invasiveness and metastasis [62, 84], and is also
known to regulate cancer cell metabolism (Fig. 2) [85,
86]. Therefore, there exists a strong link between IL-6
and cancer, similar to the link between cancer and inflam-
mation. Majority of the phenotypes or hallmarks of cancer
which are influenced by IL-6 comprise many biological
capabilities that are acquired during tumour development.
The role of IL-6 in the regulation of hallmarks of cancer
will be discussed in detail later.

Evasion of growth suppressors

Cancer cells evade some powerful programmes that neg-
atively regulate cell proliferation. Many of these
programmes depend on the action of tumour suppressor
genes such as p53 and RB (retinoblastoma gene), which

Anti-oxidant
Defence

Resisting
Cell

Invasion,
Metastasis &
Angiogenesis

Fig.2 IL-6 and cancer hallmarks: IL-6 plays an important role in cancer
growth and progression by influencing nearly all hallmarks of cancer. The
picture illustrates the contribution of IL-6 in some major characteristics of
cancer, which are known as cancer hallmarks

undergo either loss or gain of function, respectively, to
limit cell growth and proliferation. Rb (retinoblastoma-
associated) and TP53 proteins are the essential regulatory
nodes within two key complementary cellular regulatory
circuits that govern the decisions of cells to proliferate or
activate senescence and apoptotic programmes [87]. The
hypermethylation of CpG islands in the promoter regions
of tumour suppressor genes has been found in many tu-
mours, which allows cancer cells to bypass crucial check-
points in cell cycle progression and evade apoptotic sig-
nals (Fig. 3) [88, 89]. IL-6 is known to increase both the
expression of DNA methyltransferase (DNMT-1) [90] and
its translocation to the nucleus by DNMT-1 nuclear local-
izing signal’s phosphorylation via PI-3K/AKT signalling
[91], thereby increasing the activity of DNMT-1, resulting
in CpG island methylation of the promoter region of the
p53 gene (Fig. 3) [89]. Contrary to the hypermethylation
of tumour suppressor genes, IL-6 is also involved in caus-
ing global hypomethylation of retrotransposon long inter-
spersed nuclear element-1 in oral squamous cell carcino-
ma cell lines, which promotes tumorigenesis in the oral
cavity [92]. These epigenetic alterations in tumour cells
contribute to the epigenetic silencing of tumour suppres-
sor genes and lead to enhanced tumorigenesis.

Mutations in the RB gene contribute to cellular transforma-
tion in various types of malignancies [93]. Normal retinoblas-
toma protein suppresses the transition from the G1 to the S
phase of the cell cycle, which is regulated by the phosphory-
lation of Rb protein. The active, hypo- or dephosphorylated
form of Rb binds with E2F and induces G1 growth arrest. On
the contrary, the phosphorylated Rb, which is inactive, cannot
bind E2F and activates CDK, thereby facilitating entry of cells
into the S phase [94]. In multiple myeloma (MM) cells, IL-6
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mblIL6-R

Cyclin E, E2F

Fig. 3 Role of IL-6 in evading growth suppressors: Normally, E2F
remains bound with Rb and localized to the cytosol. IL-6 signalling
either induced by mbIL-6R or sIL-6R activates JAK/STAT-3
phosphorylation, which then phosphorylates Rb, resulting in the
dissociation of E2F from Rb. The free E2F translocates to the nucleus,
where it induces the expression of genes (cyclin E and E2F itself)

facilitates the phosphorylation of Rb and, thus, promotes cell
growth (Fig. 3). Furthermore, Rb phosphorylation also
upregulates IL-6 secretion by MM cells and IL-6-mediated
autocrine tumour cell growth [95].

Resistance against cell death

Cancer cells evolve a variety of cytoprotective approaches to
limit or circumvent cell death programmes, mainly apoptosis.
Besides evading growth suppression signalling, by loss of
TP53 function, tumours are also associated with an increase
in the expression of anti-apoptotic regulators (Bcl-2, Bel-xL
and Mcl-1) and survival signals (Igf1/2) or downregulated
pro-apoptotic factors (Bax, Bim and Puma) [96, 97]. IL-6
regulates the process of apoptosis by activating STAT-3 and
NF-kB signalling (Fig. 4), which transactivates the expression
of many anti-apoptotic proteins such as Bcl-2, Bel-xL, Mcl-1,
etc., in cholangiocarcinoma cells [98], cervical cancer [99],
gastric cancer cells [81], myeloma cells [82], basal cell carci-
noma cells [100] and esophageal carcinoma [101]. In addition,
these pro-survival proteins, mainly Bcl-2, promote cell prolif-
eration [102]. As the balance between pro-apoptotic and anti-
apoptotic proteins is important for apoptotic decision, the ratio
of pro-apoptotic to anti-apoptotic factors is increased with
oxidative stress, but the increased levels of IL-6 may alter this
ratio in favour of anti-apoptotic signalling, leading to cell
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responsible for the proliferation of cells. Similarly, IL-6 via PI3K/AKT
signalling causes the activation of DNMT-1 by its phosphorylation. After
phosphorylation, DNMT-1 translocates to the nucleus and
hypermethylates the p53 promoter, resulting in silencing of tumour
suppressor, pro-apoptotic and other p53 target genes

survival, both in IL-6-treated cells and IL-6-expressing trans-
genic mice [103]. Besides this, IL-6-induced Bcl-2 regulates
Bak interactions with mitofusins via inhibition of Bak disso-
ciation from Mfn2 and also inhibits the interaction of Bak with
Mfnl. These two mitochondrial events are the major determi-
nants of cell death pathways as they prevent mitochondrial
fragmentation during apoptosis [103, 104]. Therefore, Bcl-2
appears to be an essential mediator of IL-6-induced
cytoprotection (Fig. 4).

Besides Bcl-2 and Bcel-xL, IL-6 also supports tumour cell
survival by inducing the expression of survivin through direct
binding of STAT-3 to the survivin promoter [105].
Furthermore, downregulation of survivin at the gene expres-
sion level by inhibiting STAT-3 induces apoptosis in tumour
cells [105]. IL-6 triggers PI3K/Akt, NF-kB and MAPK/ERK
signalling in prostate cancer cells and results in the upregula-
tion of cyclin Al expression that promotes tumour cell prolif-
eration in hepatoma, prostate cancer, bladder cancer and in
multiple myeloma. IL-6-induced activation of PI3K/Akt sig-
nalling further activates IkB kinase (IKK), which initiates NF-
kB signalling, leading to transactivation of pro-survival and
proliferation-inducing proteins (Fig. 4) [83, 106—-109]. IL-6/
STAT-3 signalling is also required for the survival of intestinal
epithelial cells in colitis-associated cancer, where IL-6 pro-
duced from lamina propria myeloid cells protects normal
and pre-malignant epithelial cells from cell death [75].
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Fig.4 IL-6 inresisting cell death: IL-6-induced JAK/STAT-3 and NF-kB
signalling facilitates the translocation of STAT-3 and NF-kB in the
nucleus. Activation of these signalling pathways results in the
expression of anti-apoptotic genes (Bcl-2, Bel-xL, Mcl-1, survivin, etc.)

Collectively, it appears that IL-6 facilitates tumour growth
primarily by inhibiting apoptosis and enhancing cell prolifer-
ation. Besides deriving the growth potential, cancer cells ex-
ploit IL-6 for inducing resistance towards anticancer therapy-
induced death pathways. For example, IL-6 confers protection
from dexamethasone-induced apoptosis by activating
PI3K/AKT signalling and inactivating casapase-9, thereby
inhibiting apoptosis in multiple myeloma cells [109]. It is also
known to induce resistance in cisplatin-mediated cytotoxicity
in prostate cancer cell lines and esophageal squamous cell
carcinoma [110, 111]. Furthermore, IL-6-induced Bcl-2 con-
fers protection against hyperoxic damage and oxidant (H,O,)
injury [103]. Thus, enhanced IL-6 levels appear to confer
resistance against chemotherapy in cancer by downregulating
cell death pathways.

Induction of proliferation/replicative immortality

The potential growth stimulatory effect of IL-6 in tumour
cells is due to the activation of several signalling path-
ways. IL-6 stimulates tumour cell proliferation and sur-
vival by activating the Ras/Raf/MEK/MAPK, PI3K/AKT
and JAK/STAT pathways via gp130 tyrosine phosphory-
lation [83, 101, 108]. In colitis-associated cancer, 1L-6
produced by myeloid cells stimulates the proliferation of
malignant epithelial cells via NF-kB/IL-6/STAT-3 cascade
[75]. These signalling pathways help tumours in the ac-
quisition of unlimited replication potential, which is es-
sentially required to generate large tumours.

Bcl-2, Mcl-1, Bel-xI 4
Survivin, IL-6

Mito. .
Fragmentation | Apoptosis
and IL-6 for the constitutive activation of IL-6-dependent signalling in
cancer cells. IL-6-induced Bcl-2 expression inhibits stress (endogenous
and therapeutic)-induced mitochondrial fragmentation and protects the
cells from apoptosis

Majority of the genes that regulate cell survival and prolif-
eration, such as Bcl-2, Bcl-xL, Mcl-1, Fas, cyclin D1, cyclin
El and p21, are direct targets of STAT-3. In addition, other
transcription factors which promote proliferation, including c-
Myc, c-Jun and c-Fos, are also targets of STAT-3 [112]. In
tumour cells, STAT-3 activation is mediated through autocrine
production and paracrine secretion of IL-6 from stroma and
infiltrating inflammatory cells [58—62]. IL-6/STAT-3 signal-
ling also functions as a transcriptional repressor of p53 expres-
sion, whilst blocking STAT-3 upregulates the expression of
p53, leading to pS3-mediated apoptosis [113].

IL-6 has also been found to mediate its multi-lineage
haematopoietic effects by shifting stem cells from the GO
to the G1 stage of the cell cycle, thereby inducing the
proliferation and making stem cells more responsive to
additional haematopoietic growth factors such as IL-3,
IL-4, G-CSF, M-CSF or GM-CSF [114]. The autocrine
production of IL-6 by non-stem cells activates the
JAK1/STAT-3 signal transduction pathway which plays
an important role in the conversion of non-stem cells into
stem-like cells through the upregulation of Oct-4 (a stem
cell marker) [115]. Therefore, IL-6 not only induces the
proliferation of cancer cells but also maintains the popu-
lation of cancer stem cells that induce the reoccurrence of
tumours. Since only the cancer stem cells have tumorigen-
ic potential amongst the heterogeneous mass of tumours
[116], IL-6 seems to play an important role in the main-
tenance of equilibrium between non-cancer and cancer
stem cells, as observed in breast and prostate cancers
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[44]. Thus, IL-6 has been suggested as a potential regu-
lator of normal and tumour stem cell self-renewal.

Cancer-related inflammation

Accumulating evidences suggest that chronic inflammation
predisposes cells and tissues to different forms of cancer
[117]. Thus, cancer and inflammation have a strong connec-
tion, which prompted the use of anti-inflammatory drugs for
cancer prevention. Cancer-related inflammation involves the
infiltration of TAMs, white blood cells and inflammatory mes-
sengers like cytokines, such as TNF, IL-1 and IL-6, and
chemokines (CCL2 and CXCLS), which facilitate tissue re-
modelling and angiogenesis [118]. IL-6 is one of the most
highly expressed mediators of inflammation in the tumour
microenvironment, and STAT-3-dependent tumorigenesis
has been associated with the local secretion of IL-6 and its
related trans-signalling within the tumour microenvironment
in inflammation-induced colorectal cancer [75]. In addition,
production of IL-6 by M2-type macrophages in ulcerative
colitis supports the development of colon tumours [119].
These studies have identified a link between IL-6 and
tumour-associated inflammation. The primary players in in-
flammation include transcription factors such as NF-kB,
STAT-3 and primary inflammatory cytokines (IL-1b, IL-6
and TNF) [1, 120]. NF-kB is the major regulator of inflam-
mation which is deregulated in many cancers [120]. As a
major effector molecule of NF-kB activation through the
STAT-3 pathway, IL-6 appears to be an important component
of the NF-kB/IL-6/STAT-3 cascade involved in tumorigenesis
[75]. STAT-3 is required for the maintenance of NF-kB acti-
vation in tumours [121], whilst IL-6 promotes carcinogenesis
through inflammation and cell proliferation [35, 44, 106].
Since inflammation enhances the growth and progression of
gastrointestinal tumours via the activation of IL-6-mediated
STAT-3 signalling, it appears that there is a strong link be-
tween IL-6, inflammation and tumour promotion [1, 117,
118].

Metabolic remodelling

Enhanced aerobic glycolysis is one of the prominent pheno-
types of a majority of cancer cells which facilitate proliferation
and confer protection against death, besides energy production
[122, 123]. This induced glycolysis is one of the major factors
that contribute to IL-6-induced therapeutic resistance in can-
cer. IL-6-mediated stimulation of glucose metabolism is de-
pendent on the signal transduction involving the PI-3 kinase
and JAK/STAT pathways through the enhanced expression of
major glycolytic enzymes hexokinase 2 and PFKFB-3 [124].
It also enhances glucose transport by inducing the expression
of glucose transporters GLUT-1 and GLUT-4, which further
translocate to the plasma membrane, resulting in a higher
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glucose influx in cells (Fig. 5) [124]. In addition, it also in-
creases fatty acid oxidation (Fig. 5) [85]. Furthermore, IL-6-
induced p53 regulates glycolytic metabolism through NF-kB-
mediated mechanism, which also increases GLUT-2 and
GLUT-4 receptors on the cells to enhance glycolysis [125].

IL-6 also causes 5" AMP-activated protein kinase (AMPK)
phosphorylation, which is important for IL-6-mediated glu-
cose uptake and lipid oxidation (Fig. 5) [126] and is known
to be involved in obesity-associated cancers [127]. In sickle
cell disease, elevated plasma IL-6 levels are correlated with
increased rates of glycolysis in red blood cells, as evidenced
by the increase in lactic acid and higher 2,3-
bisphosphoglycerate levels [128]. More recently, treatment
of IL-6 "~ mice with diethylnitrosamine (a carcinogenic agent)
after a high-fat diet has been shown not to support faster de-
velopment of hepatocellular carcinoma (HCC) as compared to
a low-fat diet, suggesting that IL-6 preferentially may render
obese individuals susceptible to HCC [106]. In cachectic
tumour-bearing mice, a high level of IL-6 has been found to
suppress mMTORCT activity by AMPK activation, thereby ren-
dering the mice irresponsive to glucose administration [86].
p62 is a scaffold protein that binds to the nutrient-sensing
component of mTOR, crucial for metabolic reprogramming
during cell transformation. Loss of p62 has been found to
reduce mTOR activity, resulting in impaired metabolism and
higher IL-6 release, causing tumorigenesis [129].

Maintenance of redox potential

Oxidative stress induced either by therapeutic agents or met-
abolic alterations induces damage to macromolecules, viz.
proteins, lipids, membranes and DNA, that play a key role
in the development of cancer. NF-kB is a critical transcription
factor that senses redox imbalance and facilitates cytokine
gene induction during cellular stress [130]. Endogenous or
induced oxidative stress activates transcription factor NF-kB,
which regulates the expression of IL-6 by binding to the pro-
moter region of the IL-6 gene [131, 132]. IL-6, which is the
major effector molecule of NF-kB, itself causes NF-kB acti-
vation in cancer cells, which results in more IL-6 production.
Furthermore, this enhanced IL-6 concentration in the tumour
microenvironment constitutively activates NF-kB signalling
in the same or neighbouring cells (autocrine/paracrine) [131,
133]. Aberrant NF-kB regulation has been observed in many
cancers, whose sustained activation requires STAT-3. Since
NF-kB and STAT-3 are regulated by IL-6, it appears that the
NF-kB/STAT-3/IL-6 signalling cascade plays an important
role in oncogenesis [134]. IL-6 is known to protect cardiac
myocytes from oxidative stress-induced apoptosis through
STAT-3 signalling and gastric cancer cells by upregulating
Mcl-1 expression [81]. In multiple myeloma cells, IL-6 causes
radio-resistance by activating NF-kB in an autocrine manner,
which results in the activation of antioxidant defence system
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(HK2 and PFKB3) and glucose
transporters (GLUT-1 and GLUT-
4). The expression of these
glycolytic genes ensures aerobic
glycolysis in tumour cells. IL-6
also induces fatty acid oxidation
in the mitochondria by activating
the AMPK pathway

enzymes such as glutathione peroxidase (GPx), superoxide
dismutase II (MnSOD) and catalase (Fig. 6) [135].
Apoptosis plays a very crucial role in maintaining genomic
integrity by selectively removing the population of heavily
damaged cells. Reactive oxygen species (ROS) and pro-
inflammatory cytokines are generally elevated following ex-
posure to ionizing radiation and during human carcinogenic

GLUT1, GLUT4,
HK-2, PFKFB3

processes [136]. Hydrogen peroxide (H,0,) is a potent reac-
tive oxygen species that causes mitochondrial dysfunction and
cell death. Preconditioning cells with IL-6 decreases H,O,-
induced cell death by increasing the expression of prohibitin,
which is involved in mitochondrial biogenesis and metabo-
lism, apoptosis and replicative senescence [137]. In addition
to signalling through STAT-3, the stress-induced activation

Endogenous stress,
Therapeutic Stress

ROS

Fig. 6 IL-6 maintains redox balance: p38 senses oxidative stress through
ROS-induced phosphorylation of MKK3/6. p38 activation
(phosphorylation) induces NF-kB signalling, leading to the enhanced
expression and secretion of IL-6 from affected cells. IL-6 (in classical/
trans-signalling fashion) further activates JAK/STAT-3 signalling in both

T MnSOD ,GPx,
Catalase

paracrine and autocrine manner, resulting in the overexpression of the
antioxidant enzymes MnSOD, glutathione peroxidase (GPx) and
catalase. Altered favourable redox balance also enhances the
mitochondrial membrane potential
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(phosphorylation) of p38 also induces IL-6 release from cells
via the activation of NF-kB (Fig. 6) [138]. All these studies
showed the antioxidant potential of IL-6.

Invasion, metastasis and angiogenesis

During tumour metastasis, cancer cells invade surrounding
local tissues to migrate to distant organs by acquiring a mes-
enchymal phenotype that allows the metastatic cancer cells to
migrate from the site of the primary tumour. Upon lodging
into the new organ, tumour cells lodge themselves by
switching back to an epithelial phenotype and proliferate to
form metastatic tumours. The processes by which cells switch
between epithelial and mesenchymal phenotypes are widely
known as the epithelial-to-mesenchymal transition (EMT) and
its counterpart, the mesenchymal-to-epithelial transition
[139]. It is well established that inflammation promotes
EMT [139, 140]. Elevated levels of IL-6 in the serum have
been associated with EMT and invasion along with increased
size of tumours, metastasis and decreased survival of colorec-
tal cancer patients [60]. Available evidences suggest that [L-6
facilitates the metastasis of many tumours (e.g. breast, lung,
prostate, renal carcinomas, neuroblastoma, melanoma and
multiple myeloma) to the bone [141] by increasing CXCR4
expression via STAT-3 and c-Jun [142]. Furthermore, IL-6-
activated STAT-3 plays a role in EMT, invasiveness and an-
giogenesis in bladder cancer by increasing VEGF, MMP9 and
DNMT1 expressions [107]. Autocrine production of IL-6 has
also been shown to enhance the capacity to invade the extra-
cellular matrix in breast cancer [143].

Supply of nutrients and oxygen as well as the clearance of
metabolic by-products required for tumour sustenance are
provided by tumour-associated neovasculature. The formation
and maintenance of this neovasculature remains always acti-
vated as an ‘angiogenic switch’ and helps tumour develop-
ment [144]. STAT-3 activation by IL-6 facilitates angiogenesis
in many cancers by inducing the expressions of VEGF, bFGF
and MMP9 in tumour-associated endothelial cells, TAMs and
MDSCs [60, 84, 143, 145]. In addition, the Notch ligand,
JAG-2, has been reported to be overexpressed in malignant
plasma cells from MM patients, which induces the secretion
of IL-6 and VEGF [146], whilst in breast cancer, Notch-3-
dependent ERK activation via IL-6 appears to activate JAG-
1 (Notch ligand) and CA-IX (a hypoxia survival gene).
Furthermore, this CA-IX upregulated by IL-6 has also been
found to maintain the invasive potential of breast cancer cells
and mammospheres [143].

DNA damage and repair
DNA is the primary target of majority of the established anti-

cancer therapies which induce cell death processes in tumour
cells. DNA damage has been shown to induce the expression
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and secretion of IL-6 from cancer cells, resulting in the acti-
vation of the JAK1/STAT-3 signalling pathway. STAT-3 acti-
vation not only protects tumour cells against DNA damage but
also facilitates the growth of damaged cells by inhibiting in-
duced senescence [147, 148]. Furthermore, inhibition of the
IL-6/STAT-3 signalling pathway by the STAT-3 inhibitors,
knockdown of gp130, or the neutralization of IL-6 impairs
the growth of tumour cells exposed to DNA damage [147].
IL-6 secreted by tumour-associated endothelial cells in the
tumour microenvironment has been suggested to protect lym-
phoma cells from genotoxic chemotherapy [149], whilst per-
sistent DNA damage response has been shown to induce IL-6
secretion in stromal cells such as fibroblasts [148]. The ATM/
NEMO/ELKS complex formed by DNA damage-induced
phosphorylation of ATM promotes IKK-mediated IkBx deg-
radation, leading to NF-kB activation, which further induces
the expression of IL-6 (Fig. 7) [150]. In the partial hepatecto-
my (PH) model of DNA repair, wild-type mice were found to
express some of the key DNA repair enzymes such as OGG-1,
8-0x0-GTP, Neil-1 and PARP, whereas these enzymes were
absent in IL-6 knockout mice, suggesting a direct role of IL-6
in the repair of DNA damage [151]. Thus, in PH, it appears
that IL-6 facilitates the restoration of hepatic mass by activat-
ing DNA repair enzymes, followed by accurate replication in
proliferating hepatic cells [151]. Loss of Rrm2b function (a
key enzyme in de novo deoxyribonucleotide synthesis) is
known to cause severe numerical and structural chromosomal
abnormalities, which leads to the activation of NF-kB through
ATM phosphorylation and IKK activation, leading to en-
hanced IL-6 expression and constitutive activation of STAT-
3 [152]. Since IL-6 signalling functions by the activation of
transcription factors such as STAT-3 and NF-kB, inhibition of
these transactivators or neutralizing the IL-6 may enhance the
efficacy of DNA damage-causing chemotherapeutic drugs
[153].

IL-6 induces therapeutic resistance in cancer

Accumulating evidences suggest that inflammatory signals
from tumour cells and surrounding microenvironment facili-
tate tumour growth [63, 117]. Furthermore, most anticancer
therapies induce inflammation by killing tumour cells and
normal tissues [154]. Several inflammatory cytokines are be-
lieved to play key roles in therapeutic resistance and lead to
tumour regrowth, invasion and angiogenesis. Anticancer ther-
apies induce upregulation of the levels of a variety of inflam-
matory cytokines, including IL-6, IL-8 and TNF« [8, 12, 13].
Amongst these, IL-6 is known to contribute to poor therapeu-
tic gain, tumour relapse and aggressive tumour growth [2, 8,
12]. IL-6 is also recognised as a key regulator of immunosup-
pression in patients with advanced cancer [1, 154]. Elevated
IL-6 serum levels have been correlated with metastasis and
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Fig. 7 Role of IL-6 in DNA repair: IL-6 facilitates DNA repair by
inducing the expression of DNA repair enzymes in cancer cells. The
induction of DNA damage phosphorylates the ATM, leading to the
phosphorylation of IKK through the phosphorylation of various

morbidity in prostate cancer and therapeutic resistance in
ovarian cancer, whilst patients with reduced levels of IL-6
respond better to therapy [14, 15]. It appears that tumour cells
produce IL-6 as a protective mechanism against drug-induced
death, as in the case of prostate cancer where inhibition of IL-6
secretion increases the sensitivity of prostate cancer cells to
anticancer drugs [12, 110]. Clinical studies on combinations
of docetaxel and zolendronic acid in prostate cancer patients
with bone metastasis have shown interesting data in relation to
IL-6. Patients who responded to therapy had a 35 % decrease
in overall serum IL-6 levels, whilst patients who did not re-
spond had a 76 % increase in serum IL-6 levels [155], lending
support to the notion that IL-6 confers therapeutic resistance in
prostate cancer [5, 12]. The autocrine secretion of IL-6 by
breast cancer cells is also shown to confer therapeutic resis-
tance; however, it does not affect their growth. Further studies
showed that drug-sensitive breast cancer cells do not express
IL-6, whereas multidrug-resistant breast cancer cells produced
high levels of IL-6 [156]. IL-6-mediated STAT3 activation has
been reported to cause therapeutic resistance in tumours by
inducing several pro-survival pathways [12, 105, 110].
However, IL-6-induced drug resistance is associated with in-
creased expression of the multidrug resistance gene, mdri,
and upregulation of C/EBP and C/EBPd (CCAAT
enhancer-binding protein family of transcription factors)
[156]. Moreover, in colorectal cancer, IL-6 secreted from stro-
mal cells induces CYP2E1 and CYP1BI1 expression (CYP450

DNA repair genes:
0GG-1, 8-0x0-GTP,
Neil-1, PARP

downstream kinases. IKK phosphorylation activates NF-kB signalling,
resulting in sustained IL-6 expression and constitutive activation of
STAT-3 signalling, which induces the expression of DNA repair enzymes

enzymes have a significant role in xenobiotic activation)
through the JAK/STAT and PI3K/AKT pathways, which
causes tumour initiation and promotion via the activation of
chemical carcinogens [157].

IL-6-induced modifications of the stromal cell function ap-
pear to be important for tumour growth and angiogenesis as an
anti-IL-6 receptor antibody has been found to inhibit tumour
angiogenesis and growth by blocking tumour—stroma interac-
tion [60]. Cancer-associated adipocytes can also promote
radio-resistance by secreting IL-6 [158], whilst IL-6 and IL-
8 secreted by mesenchymal stem cells activate macrophages
in the microenvironment of human colorectal and ovarian
cancers, causing chemoresistance [159, 160]. Besides causing
resistance to chemo- and radiotherapy, autocrine secretion of
IL-6 (induced by therapy) also confers resistance to some
targeted therapies; for example, aflibercept (anti-VEGF, inhib-
itor)-resistant epidermoid carcinoma cells and herceptin
(trastuzumab, anti-HER2)-resistant breast cancer cells secrete
a large amount of IL-6 and show hyperactivation of STAT-3
signalling, causing resistance to therapy [161, 162].

Besides therapeutic resistance, IL-6 also minimizes clinical
outcome by promoting the maintenance of a highly
therapeutic-resistant cancer stem cell population which is
mainly responsible for tumour reoccurrence [116]. IL-6 se-
creted from either cancer cells or tumour microenvironment
(immune cells and tumour stromal cells) not only facilitates
tumour growth but also acts as a major obstacle in obtaining
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therapeutic gain and tumour-free survival [163]. Therefore,
targeting IL-6 and its associated signalling may hold greater
promise in minimizing therapeutic resistance in cancer. 1L-6
inhibition could sensitize tumour cells to anticancer drugs and
radiation by increasing DNA damage and cell death, and mit-
igate tumour regrowth by inhibiting subsequent angiogenesis
and reducing cancer stem cell population.

Targeting IL-6 for therapeutic gain

IL-6 plays an important role in tumour progression and therapeu-
tic resistance through inhibition of cancer cell apoptosis and
stimulation of tumour-promoting factors such as proliferation,
angiogenesis, etc. These effects are mediated by several signal-
ling pathways; however, STAT-3 plays a central and major role

[1, 112]. Targeting the IL-6/JAK/STAT-3 pathway has shown
promising results in many types of cancer and various
inflammation-related diseases. The clinical correlation of in-
creased serum IL-6 concentrations and advanced tumour stages
in various malignancies, as discussed earlier in the review, makes
a strong case of blocking IL-6 signalling for therapeutic gain.
Therefore, inhibiting IL-6 signalling or minimizing the level of
IL-6 can be a potential therapeutic strategy for those cancers
which are characterized by overproduction of IL-6. IL-6 signal-
ling can be targeted in multiple ways, such as the use of specific
monoclonal antibodies against IL-6 or IL-6R [15, 19, 31], by
using synthetic/semi-synthetic compounds as specific inhibitors
of IL-6 downstream signalling molecules or by kinase inhibitors
(like JAK inhibitor) [164]. All these approaches evaluated in
experimental models and reached clinical trials are summarized
in Table 1.

Table 1 Multiple therapeutic

approaches for targeting IL-6, IL- S. Target Type of cancer Therapeutic approach References
6R and IL-6-associated signalling no. molecule
1 IL-6 Prostate cancer 1L-6 siRNA [12]
Siltuximab (CNTO328)—anti-IL-6 antibody [165]
Colorectal cancer Siltuximab (CNTO328) [3, 166]
Ovarian cancer Siltuximab (CNTO328) [166]
Lysophosphatidic acid [167]
Renal cancer Siltuximab (CNTO328) [166]
Lung cancer Siltuximab (CNTO328) [166, 168]
Multiple myeloma Siltuximab (CNTO328) [166, 169]
Lymphoma BE-8 (monoclonal antibody) [170]
Prostate cancer Siltuximab, zoledronic acid [15, 171]
Breast cancer Siltuximab, zoledronic acid, PMA [15, 172,
(medroxyprogesterone acetate) 173]
2 IL-6R Colon cancer MRI16-1, tocilizumab (anti-IL-6R antibody) [3, 60]
Oral squamous cell Tocilizumab [174]
carcinoma
Lung cancer Tocilizumab [175]
Multiple myeloma Tocilizumab [176, 177]
Ovarian cancer Tocilizumab [178]
Breast cancer Tocilizumab [179]
3 JAKs Lung cancer TG101209 (JAK inhibitor) [180]
Multiple myeloma TG101209 [181]
Ovarian cancer AG490 [182]
Acute myeloid Ruxolitinib (JAK1/JAK2 inhibitor) [183]
leukaemia
Colitis-associated CEP-33779 (JAK inhibitor) [184]
cancer
Acute myeloid SB1518 (JAK2) [185]
leukaemia
4 STAT-3 Glioblastoma Sorafenib (multiple kinase inhibitor) [186]
Breast cancer SD-1029 [187]
Ovarian cancer SD-1029 [187]
Lymphoma JSI-124 [188]
Glioblastoma JSI-124 [189]
Breast cancer JSI-124 [190]
Hepatocellular Sorafenib (Nexavar) [191]
carcinoma
Breast cancer Sorafenib [192]
Advanced renal cell Sorafenib [193]
carcinoma
Colorectal cancer Sorafenib [194]

@ Springer




Tumor Biol.

Antibodies targeting IL-6 or IL-6 signalling have been ex-
tensively investigated in experimental tumour models and
clinical trials for a variety of cancers. Elsilimomab (BE-8), a
murine monoclonal antibody, and siltuximab (CNTO 328), a
chimeric antibody with strong affinity to IL-6 and licenced for
the treatment of Castleman’s disease, are used for the treat-
ment of prostate cancer, ovarian cancer, renal cell carcinoma
and colorectal cancer in combination with other chemothera-
peutics [3, 6, 166]. In prostate cancer, siltuximab has been
shown to downregulate the genes downstream of IL-6 signal-
ling along with decreased STAT-3 expression [165].
Tocilizumab, a FDA-approved drug for rheumatoid arthritis
and Crohn’s disease, is the humanized antibody specific for
IL-6R that recognises both soluble and membrane-bound re-
ceptors and blocks its signalling [195]. BE-8, a murine anti-
IL-6 monoclonal antibody, has also been used in the treatment
of lymphoma and multiple myeloma [196]. Sequestering the
enhanced IL-6 showed a significant increase in the therapeutic
efficacy of paclitaxel in mouse models of epithelial ovarian
cancer by reducing tumour angiogenesis [197]. Tocilizumab
has also been used in the treatment of oral cell carcinoma,
prostate cancer, renal cancer, multiple myeloma and breast
cancer [15]. It inhibits the growth of prostate and breast cancer
cells by reducing STAT-3-induced VEGF expression. In addi-
tion, it reduces bone metastasis of breast cancer cells [142].
Tocilizumab has been shown to improve cachexia developed
by IL-6 overexpression in lung cancer patients [175]. The
combination of anti-IL-6R with herceptin and aflibercept en-
hances therapeutic gain, also in targeted therapy-resistant
breast cancer and epidermoid carcinoma, respectively [161,
162]. However, blocking IL-6 signalling can be harmful and
may result in some adverse effects, such as gastrointestinal,
nasopharyngeal and upper respiratory tract infections, gastro-
intestinal haemorrhage, thrombocytopenia and neutropenia
[198]. Therefore, selective blocking of trans-signalling (the
major pathway involved in inflammation and related diseases
like cancer) using sgp130Fc (a recombinant fusion protein of
soluble gp130 and human IgG, Fc) may be useful in achieving
therapeutic gain in cancer [76].

Besides antibodies, a number of other compounds are cur-
rently available that inhibit IL-6 signalling. Zoledronic acid
(ZA) is the most potent nitrogen-containing bisphosphonate
compound which has been used in adjuvant therapies to in-
hibit bone metastasis caused by multiple cancers [172]. It
inhibits growth, besides inducing apoptosis by reducing IL-6
secretion in prostate cancer cell lines, which is suggestive of
its use in the treatment of prostate cancer either alone or in
combination with chemotherapy [171]. Radiation activates
IL-6/STAT-3 signalling, which stimulates tumour invasion
and EMT changes and promotes the survival of tumour cells
after therapy, thereby conferring resistance to therapy [12, 84,
156]. However, use of siRNA against IL-6 inhibits tumour
regrowth after radiotherapy in prostate cancer and sensitizes

tumour cells to radiation by increasing cell death and DNA
damage [12]. Its inhibition also mitigates tumour regrowth by
eliminating radiotherapy-triggered MDSC and subsequent an-
giogenesis after radiation exposure [199]. Therefore, inhibi-
tion of IL-6 could be a potential therapeutic strategy for in-
creasing the radiation response of tumours. Similarly,
medroxyprogesterone acetate (MPA) is a synthetic compound
used as an endocrine therapeutic agent for patients with breast
cancer which is known to reduce serum IL-6 levels [173].
Several studies have shown that the use of an inhibitor for
downstream targets of IL-6 signalling can also be a good ap-
proach for enhancing therapeutic gain. For example, the use of
JAK inhibitor (TG101209) enhances the efficacy of radiother-
apy in lung cancer [180]. Similarly, WP1066 and CEP3379,
other JAK?2 inhibitors, suppress the growth of gastric cancer
and colorectal tumours by inhibiting IL-6/JAK2/STAT-3 sig-
nalling [184, 200]. Sorafenib, which is a multiple kinase in-
hibitor, causes dephosphorylation of STAT-3 and prevents
AKT signalling in glioblastoma cells and prostate cancer, re-
spectively [186]. AG490, a potent JAK inhibitor, targets
STAT-3 signalling, reduces the invasion of human pancreatic
cancer cells in vitro and induces apoptosis in gastric cancer
cells [201, 202]. Moreover, AG490 is also effective in murine
ovarian cancer, where it induces the expression of anti-tumour
cytokines [182]. Another JAK inhibitor, ruxolitinib, is current-
ly in clinical trials for leukaemia [183].

Inhibition of STAT-3 phosphorylation by the use of STAT-3
inhibitors can also be a good approach to block IL-6 signal-
ling. JSI-124 (STAT-3 inhibitor) inhibits STAT-3 phosphory-
lation at serine 727 and sensitizes B-leukaemia cells to apo-
ptosis [203]. JSI-124 suppresses breast cancer cell growth by
downregulating STAT-3 activation in tumour-associated B
cells. Stattic and Eriocalyxin B (a diterpenoid) also inhibit
STAT-3 phosphorylation and induce apoptosis in MDA-MB-
231 and HepG2 cells [204, 205]. Besides inhibiting STAT-3
phosphorylation and transcriptional activation, Decoy
oligodeoxynucleotides target the DNA-binding domain of
STAT-3 by competing against endogenous DNA cis element,
which results in reduced cell growth and increased apoptosis
[206]. G-quartet oligodeoxynucleotides can also be used as a
STAT-3 inhibitor which suppresses the growth of prostate,
breast, and head and neck cancers in nude mice [206, 207].
Instead of inhibiting STAT-3 phosphorylation, these
oligodeoxynucleotides inhibit the binding of STAT-3 dimer
on DNA. Moreover, small-molecule inhibitors can also be
used to inhibit STAT-3. A small-molecule non-peptide
STAT-3 inhibitor named S31-201 (a.k.a. NSC74859) selec-
tively inhibits STAT-3 DNA-binding activity in vitro and
blocks the formation of STAT-3:STAT-3 dimer, which leads
to the inhibition of STAT-3-dependent gene transcription and
the blockade of the proliferation and survival of human breast
carcinoma cells [208]. STA-21 also selectively inhibits STAT-
3 DNA-binding activity in vitro, disrupts STAT-3:STAT-3
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dimerization and suppresses STAT-3-mediated gene transcrip-
tion along with cell growth inhibition and apoptosis through
the caspase pathway in a human breast carcinoma and rhab-
domyosarcoma model [209, 210]. Catechol-containing com-
pounds, IS3 295, galiellalactone and peptide aptamers have
been found to inhibit the DN A-binding ability of STAT-3 and
further signalling [208, 211].

Conclusion

IL-6, which is produced by tumours and many other cells in
the tumour microenvironment, facilitates tumour growth and
sustenance by influencing and regulating nearly all hallmarks
of cancer, besides contributing to therapeutic resistance.
Recent studies have enhanced our knowledge regarding the
potential role of IL-6 in the cross talk between tumour and its
microenvironment. IL-6/JAK/STAT-3 appears to be the pri-
mary pathway through which IL-6 regulates majority of the
tumour-promoting functions. Therefore, neutralizing IL-6 or
the IL-6 receptor to prevent the initiation of signalling or
inhibiting the activity of two other members, JAK and
STAT-3, to prevent the execution in the end has established
therapeutic efficacy in cellular and systemic models of cancer.
Blocking IL-6 using monoclonal antibodies against either IL-
6 or IL-6R has shown promising results in preclinical studies
and clinical trials. Phase I and II clinical trials have established
the efficacy of monoclonal antibodies either as a single agent
or in combination with other chemotherapeutic drugs, radia-
tion and targeted therapies in various types of cancer.
Subsequently, certain synthetic molecules, such as ZA,
MPA, polyphenols, etc., have also shown promising results
in various cancers by regulating 1L-6 levels. The use of
small-molecule inhibitors of JAK and STAT-3 alone or in
combination with radiation or anticancer agents has also re-
sulted in promising anti-tumour effects in various cancers.
However, undesirable effects (such as infections, gastrointes-
tinal haemorrhage, thrombocytopenia and neutropenia) of
anti-IL-6 therapy have also been reported in patients with
various inflammatory diseases. Therefore, selective inhibition
of IL-6 trans-signalling using molecules such as sgp130Fc in
the future may result in better therapeutic gain without the side
effects associated with anti-IL-6 therapy currently under
evaluation.
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Interleukin-6 (IL-6)-induced glycolysis and therapeutic
resistance is reported in some cell systems; however, the
mechanism of IL-6-induced glycolysis in radio-resist-
ance is unexplored. Therefore, to investigate, we trea-
ted Raw264.7 cells with IL-6 (1h prior to irradiation)
and examined the glycolytic flux. Increased expression
of mRNA and protein levels of key glycolytic enzymes
was observed after IL-6 treatment, which conferred gly-
colysis dependent resistance from radiation-induced cell
death. We further established that IL-6-induced gly-
colysis is activated by Akt signalling and knocking
down Akt or inhibition of pan Akt phosphorylation sig-
nificantly abrogated the IL-6-induced radio-resistance.
Moreover, reduction of IL-6-induced pAkt level sup-
pressed the expression of Hexokinase-2 and its trans-
location to the mitochondria, thereby inhibiting the
glycolysis-induced resistance to radiation. IL-6-induced
glycolysis also minimized the radiation-induced mito-
chondrial damage. These results suggest that IL-6-
induced glycolysis observed in cells may be responsible
for IL-6-mediated therapeutic radio-resistance in
cancer cells, partly by activation of Akt signalling.

Keywords: Akt signalling; glycolysis; hexokinase-2;
IL-6; radio-resistance.

Abbreviations: 2-DG, 2-dexoy-D-glucose; 3-BP,
3-bromo pyruvate; ANOVA, analysis of variance;
DMSO, dimethyl sulfoxide; HGD, high glucose
Dulbecco’s; HK-2, hexokinase-2; IL-6, interleukin-6;
IR, ionizing radiation; MMP, mitochondrial mem-
brane potential; PBS, phosphate-buffered saline;
PFK-1, phosphofructokinase 1; PFKFB3, 6-phos-
phofructo-2-kinase/fructose-2,6-bisphosphatase 3;
PKM2, pyruvate kinase M2; SF, surviving fraction;
SRB, sulforhodamine B.

Introduction

Interleukin-6 (IL-6) is a cytokine synthesized and se-
creted by various types of human body cells like mono-
cytes, adipocytes, fibroblasts, vascular endothelial cells

and tumour cells of different types of cancers (/). It
was primarily known as pro-inflammatory cytokine for
decades, however, many recent evidences demon-
strated its role in tissue remodelling and as anti-inflam-
matory cytokine (/, 2). IL-6 is also known as myokine
as it is secreted by muscle cells during exercise and acts
on skeletal muscles to promote myogenesis, regulate
energy metabolism and protect them from physical ex-
ercise-induced ischaemic—reperfusion injury (3). It also
protects cardiomyocytes and lung cells from ischae-
mic—reperfusion injury and oxidative stress-induced
cell death (4, 5). Besides this, IL-6 plays an important
role during differentiation and tumour progression in
majority of cancers. Increased IL-6 secretion in serum
and tumour tissues is one of the key factors that pro-
mote rapid growth rate and resulted in aggressive
phenotypes of cancer (/, 6). An adaptive consequence
of chemotherapy and radiotherapy resulted in elevated
levels of IL-6 in tumour microenvironment through
NF-kB signalling that impose the major limitation to
therapies (7—9). The cytoprotective role of IL-6 is
beneficial in normal physiological conditions; however,
it brings in an additional challenge in therapeutic man-
agement of tumours with high IL-6 levels.

The cancer cells and also the normal cells during
various types of stress primarily depends on glycolysis
for energy production even in the presence of oxygen,
due to faster rate of ATP synthesis, this phenomenon is
known as Warburg effect (/0). Moreover, glycolysis
over the oxidative phosphorylation is predominant
pathway of energy metabolism in all the cells involved
in inflammatory response (/7). Hence, it is clear that
this phenomenon of aerobic glycolysis, which was ori-
ginally discovered in cancer cells, is not restricted to
cancer cells only (/2). It has been recently reported that
pro-inflammatory cytokine IL-6 increases the avail-
ability of substrates such as glucose and lipids by pro-
moting glycogenolysis and lipolysis in skeletal muscles
in an autocrine manner and its deficiency suppresses
the key genes of glycolysis pathway (6, /3). These stu-
dies suggest that aerobic glycolysis is a common phe-
nomenon among many proliferating cells, which
provides advantage during proliferation in terms of
faster ATP production to meet the high demand of
rapidly dividing cells and cells recovering from injury.

It has been demonstrated earlier that IL-6 can
induce glycolysis in various types of cell-like mouse
embryonic fibroblasts, human skeletal muscles, etc.
(14, 15). However, the molecular mechanism of
IL-6-induced glycolysis is poorly understood. Recent
studies have demonstrated that the IL-6-mediated
activation of cellular antioxidant pathway is implicated
in the radio-resistance of cancer cells (/6—I18).
Accumulating evidences indicate that induced

© The Author(s) 2019. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved 303

020z Al €0 uo 3senb Ag 0£G019G/€0€/E/291A0B1SqE-0[0IHE/ql/W0o dNO"dIBPEsE//:SARY WOy POPECIUMO(]


Deleted Text: exercise 
Deleted Text: ischemic 
Deleted Text: ischemic 
Deleted Text: stress 
Deleted Text: tumor
Deleted Text: however
Deleted Text: ;
Deleted Text: tumors
Deleted Text: cell 
Deleted Text: 6 
Deleted Text: 6 

N. Kumari et al.

glycolysis confers radio-resistance in various cancers
(6, 7, 19, 20). Although, various mechanisms of IL-
6-induced radio-resistance is known but the role of
IL-6-induced glycolysis in radio-resistance remains un-
clear. In the present study, we, therefore, investigated
the mechanism of IL-6-induced glycolysis in Raw
264.7 cells and tested the hypothesis, if IL-6 can pro-
tect normal cells from ionizing radiation (IR) by indu-
cing glycolysis-mediated radio-resistance. In this study,
we have shown that IL-6 treatment induces glycolysis
in relatively radio-sensitive Raw 264.7 (murine mono-
cytic) cells (21, 22), which protects it from IR-induced
cell death. Results obtained clearly showed that I1L-6-
induced Akt signalling plays an important role in sti-
mulating glycolysis and protect the cells by conferring
glycolysis-mediated radio-resistance.

Materials and methods

Materials

High glucose Dulbecco’s Minimum Essential Medium (HGD),
Penicillin G, streptomycin, nystatin, dimethyl sulfoxide (DMSO),
Sulforhodamine B (SRB) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) were purchased from Sigma
Chemicals Co. (St Louis, MO, USA), whereas mouse IL-6 was pur-
chased from Merck Millipore (Burlington, VT, USA). MK2206 (Akt
inhibitor) and Aktl/2 siRNA was purchased from selleckchem
(Houston, TX, USA) and Santacruz Biotechnology (Dallas, TX,
USA), respectively.

Sources of cell line

The mouse normal monocyte macrophage (Raw 264.7) was obtained
from NCCS, Pune, India and cultured in their respective media con-
taining 10% heat inactivated foetal bovine serum and antibiotics.
Stock culture was maintained in the exponential growth phase by
passaging them every 3 days with their respective growth medium
supplemented with 10% foetal bovine serum and antibiotics in
60 mm tissue culture petri dish (BD Falcon, USA).

Radiation treatment

All the experiments were carried out using 96, 24 and 6 well plates,
35 and 60 mm tissue culture dishes. Exponentially growing cells were
treated with 1 ng/ml IL-6 followed by y-radiation (2 Gy) and kept for
overnight incubation at 37°C in 5% CO, incubator. All experiments
were carried out at a single dose of gamma radiation (2 Gy), cells
were irradiated using *°Cobalt-Teletherapy Unit (Bhabhatron-II,
Panacea Medical Technologies, Bangalore, India) at a source to
sample distance of 80cm and a field size of 35 x 35 cm? with dose
rate of 1.05Gy/min. The treatment schedule and concentration of
other drug/inhibitors are mention in respective figure legends.

Glucose uptake and lactate production assay

Raw264.7 cells were incubated in HGD before IL-6 treatment and ir-
radiation. Cells were treated with IL-6, 1h prior to irradiation.
Subsequently cell medium was removed and cells were incubated with
2NBDG (50 pM, 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-
Deoxyglucose) prepared in phosphate-buffered saline (PBS) for 30 min
(Fig. 1A). Further the cells were harvested and washed twice with cold
PBS to analyse on flow cytometer. Lactate production was estimated in
the growth medium using enzymatic assays (Fig. 1B). Lactate was esti-
mated using lactate oxidase method using kit (Randox; Cat. No.-
LC2389). Glucose uptake and lactate production were normalized
with number of viable cells in respected wells.

Immunoblot for protein levels

The protein level of hexokinase 2, phosphofructokinase 1 (PFK-1),
PKM2, GLUT4, phospho Akt, Akt and loading control B-Actin
were determined in control and irradiated cells (Raw264.7) by immu-
noblot analysis (Fig. 1C and 4A). Cells were cultured in PD60 incu-
bated in CO, incubator before treatment. Further cells were
harvested post-irradiation at various time points and lysed in ice-
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cold RIPA lysis buffer (Tris-HCI: S0 mM, pH 7.4, NP-40: 1%, NaCl:
150 mM, EDTA: I mM, PMSF: 2mM, protease inhibitor cocktail,
Na3VO4: I mM, NaF: 1 mM) containing protease inhibitors. The
protein concentration in cell lysates was determined using BCA pro-
tein assay kit. Protein (40 pg) was resolved on 10—12% SDS—PAGE
(depending on the molecular weight) and electroblotted onto PVDF
membrane (MDI). The membrane was then incubated in 4% body
surface area for 2 h followed by primary antibody incubation HK-2
(1:1000), PKM2 (1:500), PFK-1 (1:500), GLUT4 (1:500) and B-Actin
(1:3000) from Santa Cruz Biotechnology and pAkt (1:1000), Akt
(1:1000) and SDH (1:1000) from Cell Signalling Technology.
Membrane was washed followed by incubation with the appropriate
HRP conjugated secondary antibody (1:5000, Santa Cruz
Biotechnology) for 2h. After washing, the blots were developed
using Luminata Forte western HRP substarte (Millipore) The
signal was captured by Chemidoc system (Bio-Rad, CA, USA)
and band intensities for each individual protein were quantified by
densitometry, corrected for background staining, and normalized to
the signal for B-Actin.

Quantitative PCR for mRNA levels

Total RNA was isolated from cells by Qiagen RNA isolation kit
according to the manufacturer’s instructions (Qiagen RNeasy mini
kit). Further RNA was dissolved in nuclease-free water (Thermo
Scientific, USA) and quantified with Nanodrop (Thermo Scientific,
USA). About 1 ug of RNA was used for cDNA synthesis via First-
strand cDNA synthesis kit (Thermo Scientific, USA) in thermal
cycler (Applied Biosystems, CA, USA). Kick start ready to use pri-
mers were purchased from Sigma Aldrich (St Louis, MO, USA). For
real-time PCR, 25ng of cDNA was added to 100 nM gene-specific
primers and 1x Sybr Green supermix (Bio-Rad, CA, USA). The
amplification programme consisted of a hot start at 95°C for
3 min, followed by 40 cycles of denaturation at 95°C for 15s, an-
nealing at 60°C for 30s, and extension at 72°C for 15s. The amount
of target gene was normalized by B-Actin (Fig. 1D).

Growth kinetics/cell number

Cells were seeded in PD35. After IL-6 and radiation treatment cells
were kept at 37°C in 5% CO, incubator for doublings (Fig. 2A). At
respective time points cell numbers were counted with a Neubauer-
improved counting chamber (Paul Marienfeld GmbH & Co. KG,
Germany) under 10 X objective, and 10x eyepiece magnification
with compound light microscope (Olympus CH30, Japan).

Clonogenic cell survival assay

Macro-colony assay was performed using pre-plating method of
macro-colony assay. Cells were plated at a low density of
100—3200 cells in triplicates in 60 mm Petri dishes. After IL-6 and
radiation treatment (0—8 Gy), cells were incubated at 37°C in a
humidified CO, (5%) incubator for 7—10 days. Colonies of at least
50 cells (5—6 generations of proliferation) were scored as survivors.
Colonies were washed once with PBS to remove media, fixed with
methanol and then stained with 1% crystal violet (dissolved in 7%
methanol in PBS). Plating efficiency was calculated as PE =
(Number of colonies counted/Number of cells plated) x 100. The
surviving fraction (SF) was calculated as SF = PE1/PEc, where PEr
is the plating efficiency of the treated group and PE( is the value of
the control.

ATP measurement

ATP was measured using ATP bioluminescent assay kit (Sigma
Aldrich, St Louis, MO, USA) following manufacturer’s protocol.
Briefly, cells were treated with IL-6 followed by irradiation at 1h.
At 4 and 24 h, post-irradiation cells were washed and scraped in cold
PBS and pelleted at 1000 rpm for 10 min. Cells were lysed in 350 pl of
lysis buffer (4mM EDTA and 0.2% Triton X-100). About 100 ul of
this lysate was loaded per well in triplicates with 100 pul of ATP mix in
a 96-well white luminescence measuring plate. Luminescence of sam-
ples along with standards was read at 562nm and normalized with
the cell number (Fig. 3D). ATP concentration is depicted as pg/cell.

Acridine orange-ethidium bromide staining

Raw 264.7 cells were seeded in 96 well and stained with acridine
orange-ethidium bromide according to Deborah Ribble protocol
(23) with minimal modifications (Fig. 3G). Images were captured

020z AeN €0 uo 1s8nb Aq 0£5019G/€0E/E/29 L A0B1SqR-8[o1e/ql/Wo0 dno-olwepeoe//:sdjy Wolj papeojumoq


Deleted Text: 6 
Deleted Text: ,
Deleted Text: 6 
Deleted Text: 6 
Deleted Text: glycolysis 
Deleted Text: ionizing radiation (
Deleted Text: ) 
Deleted Text: )
Deleted Text: 6 
Deleted Text: glycolysis 
Deleted Text:  
Deleted Text:  
Deleted Text: &thinsp;mm
Deleted Text: x
Deleted Text: ours
Deleted Text: u
Deleted Text:  
Deleted Text: phosphate 
Deleted Text: utes
Deleted Text: analyze
Deleted Text: was 
Deleted Text: cell
Deleted Text: -
Deleted Text: Protein 
Deleted Text: -
Deleted Text: post 
Deleted Text: ice 
Deleted Text: --
Deleted Text: BSA 
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text:  
Deleted Text: Western 
Deleted Text: manufactures
Deleted Text: u
Deleted Text: .
Deleted Text:  
Deleted Text: real 
Deleted Text: gene 
Deleted Text: x
Deleted Text: X
Deleted Text:  
Deleted Text: Macro 
Deleted Text: pre 
Deleted Text: macro 
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text:  to 
Deleted Text: X
Deleted Text: .
Deleted Text: .
Deleted Text: :
Deleted Text: W
Deleted Text: ,
Deleted Text:  (
Deleted Text: .
Deleted Text: I
Deleted Text: )
Deleted Text: r
Deleted Text: our
Deleted Text: post 

>

&

B D

Glucose uptake (fold change)
&

Q0+ - .
0 01 1 10
IL-6rgfl)

C IL-6 treatment
Time(h) o0 2 4 8 24
HK-1 =—=——

1 1.1 1.1 1 1.2
HK-2 | s o S
113 2 18 21
PFK-1 | "— - —
T 13 17 18 18
PKIM2 | == e o —a—
113 16 19 19
B-actin | s s w— a— —

w)

mRNA levels (fold change)

Role of glycolysis in IL-6-induced radio-resistance

&

*

1|

IL-6 (Ingm)

8

fad
[=]

&

aaaa b baw s laaaalay

Lactate production/cell (fold change) 0
&

8

1 He2
15 [ P2 *

3]

| S T T [ T B

o

0

2

4

12

Tirre after IL-6 treaiment (frs)

Fig. 1 IL-6 induced rate of glycolysis was measured by observing glucose uptake and lactate production in cells after IL-6 treatment. Glucose
uptake (A) and lactate production (B) was measured in culture media, 2 h after IL-6 treatment. (C) Protein levels of various glycolytic regulatory
enzymes (indicated in figure) were measured in untreated and IL-6 (1 ng/ml) treated cells at given time points. B-Actin was used as loading
control. Values shown in between the blots are the average fold change value of densitometric analysis of three blots, normalized with respective
B-Actin. (D) The mRNA levels of HK-2, PKM2 and PFKFB3 genes at indicated time points after IL-6 (1 ng/ml) treatment. Statistical sig-
nificance calculated by one-way ANOVA and the Student’s t-test between the groups. Data are expressed as mean = SD (n = 4). *P<(.05.

under fluorescence microscope using 10x objective, and 10x eyepiece
magnification with fluorescence microscope (Olympus IXS5I
Fluorescence Microscope, Japan).

Formazan quantification

The cells were plated in 24 well culture plates (40,000 cells/well) and
incubated in CO,; incubator. Next day, treatment was given accord-
ing to the experimental requirement. Further, at respective time
points, 50 ul MTT solutions from the stock (5mg/ml) was added
and cells were incubated in CO, incubator in the dark for 2h. The
medium was removed and formazan crystals formed by the cells
were dissolved using 500 ul of DMSO followed by transfer in 96-
well plate. The absorbance was read at 570 nm using 630 nm as ref-
erence wavelength on a Multiwell plate reader (Biotech Instruments,
USA). Reduced formazan quantification was done with formazan
standard. At each respective time points, cell numbers were counted
with a Neubauer-improved counting chamber (Paul Marienfeld
GmbH & Co. KG, Germany) under 10x objective, and 10x eyepiece
magnification with compound light microscope (Olympus CH30,
Japan).

Measurement of mitochondrial mass and mitochondrial calcium
Quantitative analysis of mitochondrial content was carried out using
Mitotracker Green (at respective time points, post-irradiation), Cells
were incubated with mitotracker green (100nM; 15min; 37°C), in
PBS, then washed with PBS and resuspended in PBS before analysis.
The signals were recorded using BD FACSAria™ III cell sorter.
(BD Biosciences, USA). Images of calcium-loaded mitochondria
were captured by staining cells with A23187 (6 uM, 20min).
Briefly, Raw264.7 cells were grown in PD-35 having cover slip. At
4 h post-irradiation medium was removed and stained for 20 min in
dark. Stain was removed and cells washed with cold PBS. Images
were captured under fluorescence microscope with 40x objective.

Mitochondrial membrane potential

Quantitative and qualitative analysis of mitochondrial membrane
potential (MMP) was carried out using TMRM and JC-1 dyes re-
spectively, Cells were incubated with TMRM (50 nM; 30 min; 37°C)
in PBS, then washed and resuspended in PBS for analysis.
Fluorescence signals were measured by flow cytometer (BD
FACSAria™ T1II cell sorter). For microscopy, cells were stained
with JC-1 dye (10 pg/ml; 30 min; 37°C). After staining, cells were
washed with PBS and observed at 40x magnification under fluores-
cence microscope (Olympus IX51 Fluorescence Microscope, Japan).
JC-1 accumulates in mitochondria as monomer or J-aggregates de-
pending on the membrane potential. The monomeric form is pre-
dominately present in depolarized mitochondria and emits green
fluorescence (~530nm), whereas the oligomeric (J-aggregate) form
in mitochondria with more potentials and emits red fluorescence
(~590 nm).

siRNA transfection

The control siRNA and Mouse Aktl/2 siRNA pool were purchased
from Santacruz Biotechnology (Dallas, TX, USA) to knock down
gene expression. SiRNA transfection was performed using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), according
to the manufacturer’s instructions, briefly, 0.1 x106 cells were
seeded in 6-well plate a day before transfection. Next day, transfec-
tion was done in Opti-MEM (serum and antibiotic-free medium) for
4h followed by 24 h recovery in 2x serum-containing medium. Pilot
experiments were performed to optimize the amount and time of
maximal protein knockdown.

Statistical analysis

All the experiments were carried out in triplicates or quadruplicates.
Means and standard errors were computed. The Student’s ¢-test and
one-way analysis of variance (ANOVA) test were performed for
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Fig. 2 IL-6 confers radio-resistance (A) SRB assay carried out at 48 h post-irradiation using different concentrations of IL-6 (0.1—10 ng/ml).

Graph (AOD 340 nm) plotted and treatment groups were compared with their respective control. (B) The cell number in control and treatment
group was quantified at 0—48 h post-irradiation and graph presented on log scale against time at single concentration of IL-6 (1 ng/ml). Inset
graph presents the cell number at 48 h on two different concentrations of IL-6. (C) Dose-response curve of Raw264.7 cells with or without IL-6
treatment. Surviving fraction was plotted against increasing radiation doses (0—8 Gy). Star shows the statistical significance of change between
the groups calculated by one-way ANOVA and the Student’s ¢-test. Data are expressed as mean + SD (n = 4). *P<0.05.

comparisons between two groups and multiple groups, respectively.
P-values of <0.05 were considered statistically significant.

Results

IL-6 induces glycolysis

We first tested if IL-6 can induce glycolysis in
Raw 264.7 cells. Thus, we measured glucose up-
take using non-metabolizing, fluorescent glucose
analogue 2-NBDG  (2-(N-(7-Nitrobenz-2-oxa-1,3-
diazol-4-yl)Amino)-2-Deoxyglucose) in Raw264.7
cells. IL-6 treatment showed significant increase in glu-
cose consumption at both 1 and 10 ng/ml IL-6 with
highest 1.5-fold consumption at 1 ng/ml (Fig. 1A).
Therefore, we used 1 ng/ml concentration of IL-6 for
all the further experiments. Consequently, lactate pro-
duction, which is the end product of glycolysis was also
increased by 1.65-fold after 1L-6 treatment (Fig. 1B).
Further to understand if the high rate of glycolysis is
achieved by IL-6-induced enhanced levels of glycolytic
enzymes, we checked the levels of key glycolytic en-
zymes HK-1, HK-2, PFK-1 and PKM2 after IL-6
treatment. We found nearly 1.3—2-fold time-dependent
increase in the protein levels of HK-2, PFK-1, and
PKM2, while the protein level of HK-1 was found un-
changed (Fig. 1C). Enhanced levels of HK-2 and
PKM2 protein was further supported by the time-de-
pendent increase in HK-2 and PKM2 mRNA levels
(Fig. 1D). We also checked the IL-6-induced gene ex-
pression of PFKFB3 gene, which produces Glucose 2,6
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bis phosphate for allosteric activation of PFK-1
enzyme (24) We found, IL-6 induced the mRNA
levels of PFKFB3 gene also, suggesting it regulates
the flow of glucose through glycolysis (Fig. 1D).
These findings suggest that IL-6 induces glycolysis by
inducing the expression of glycolytic regulatory en-
zymes in Raw264.7 cells.

IL-6 protects Raw264.7 cells from radiation-induced
cell death

Our previous studies suggest that transient elevation of
glycolysis confers radio-resistance (20). Therefore, in
order to check the correlation between IL-6-induced
glycolysis and radio-resistance, we further carried out
SRB assay and growth kinetics in Raw264.7 cells to
test the effects of IL-6 on radiation-induced cell death.
SRB assay was performed at same concentration range
of IL-6 0.1 to 10 ng/ml as used in glucose uptake and
we found significant protection of 45—50% at 1 and 10
ng/ml (Fig. 2A). Growth kinetic assay was also per-
formed under similar experimental conditions and
nearly 45% reduction in radiation-induced cell death
was observed in IL-6 treated cells as compared to irra-
diated cells (Fig. 2B). The marginal increase in protec-
tion, observed at 10 ng/ml with respect to 1 ng/ml IL-6
in SRB assay (Fig. 2A) and marginally low cell count
at 10 ng/ml (Fig. 2B inset) was statistically insignifi-
cant; Since significant and nearly equal increase in glu-
cose consumption and radioprotection were observed
at both 1 and 10 ng/ml doses of IL-6, therefore, we
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(G and H) Cells were stained with AO/EtBr 24 h post-irradiation and examined under a fluorescent microscope at 10x magnification. Zoomed
images of dying cells are shown in inset for improved view. Dead cells (EtBr stained and marked with arrow) were counted from multiple images
and the mean of dead cells per group was plotted as bar graph. Star shows the statistical significance of change between the groups calculated by
the Student’s ¢-test. Data are expressed as mean = SD (n = 4). *P<0.05.

Number of AO+EtBr +ve (dead) cells
g

used 1 ng/ml concentration for all further experiments. evident in IL-6 pre-treated cells as compared to radi-
Further, to validate IL-6 treatment-induced radio-re- ation alone on all radiation doses between 0 and 8 Gy
sistance; we irradiated the IL-6 pre-treated cells and (Fig. 2C). Together, these findings suggest that IL-6-
then analysed the clonogenicity using macro-colony induced glycolysis confers radio-resistance in monocy-
assay. Indeed, a significant increase in survival was tic Raw264.7 cells.

307

020z Aen €0 uo 1s8nb Aq 0£5019G/£0€/€/29 1 A0RASqe-[oIe/q/Woo dno-olwapese//:sdiy woly pepeojumod


Deleted Text: treatment 
Deleted Text: analyzed 
Deleted Text: dose
Deleted Text: to 
Deleted Text: [
Deleted Text: 6 

N. Kumari et al.

IL-6-induced radio-resistance is glycolysis dependent
Further, to validate the correlation between IL-6-
induced glycolysis and radio-resistance; we analysed
the levels of glucose uptake and lactate production
after radiation exposure in IL-6 pre-treated samples.
Radiation alone group also showed increase in glucose
uptake, however, it was significantly less (~1.5 fold) as
compared to IL-6 alone and combined (IL-6 pre-treat-
ment followed by irradiation) treatment groups (~2
fold) (Fig. 3A). Similarly, the lactate production was
also found significantly higher in IL-6 and radiation
combined treatment as compared to radiation-exposed
cells (Fig. 3A). This result is substantiated by several
fold increased protein levels of glycolytic enzymes
(HK-2, PFK-1 and PKM2), glucose transporter
GLUT4 (Fig. 3B) and mRNA expression of HK-2,
PKM?2 and PFKFB3 gene (Fig. 3C) in cells co-treated
with 1L-6 and radiation as compared to radiation
alone. We also found about 1.9-fold increased ATP
level at 4 h post-irradiation in IL-6 pre-treated cells
with respect to control and radiation alone (Fig. 3D).

We further inhibited the glycolysis using non-toxic
concentrations of 2-dexoy-D-Glucose (2-DG) and 3-
bromo pyruvate (3-BP) in IL-6 pre-treated cells
before exposing to radiation and performed growth
kinetics. Both the glycolytic inhibitors 2-DG and
3-BP reversed the IL-6-induced protection from radi-
ation-induced cell death (Fig. 3E and F). This obser-
vation from growth kinetics assay was correlated with
qualitative imaging of ethidium bromide and acridine
orange (apoptosis assay) at 24 h. Radiation alone and
in combination with glycolytic inhibitors (2-DG and 3-
BP) in IL-6 pre-treated group showed nearly similar
number of apoptotic and necrotic cell population,
which was significantly higher as compared to the
IL-6 pre-treated and radiation-exposed treatment
group (Fig. 3G and H). Therefore, these findings evi-
dently validate our earlier observation that induced
glycolysis confers radio-resistance. It also suggests
that TL-6-induced radio-resistance in Raw264.7 cells
is glycolysis dependent.

IL-6 protects from radiation-induced mitochondrial
damage

Ionizing radiation is known to damage mitochondria
and affect its energy metabolism (25, 26). Therefore,
we tested if IL-6 protects from radiation-induced mito-
chondrial damage also. To test the mitochondrial
energy metabolism, we analysed complex II activity
of mitochondrial respiratory chain by monitoring
formazan formation. We found, radiation induces
nearly 2.5-fold increased formazan formation in IL-6
untreated and treated cells at early time point (4h),
which comes down to normal at later time point
(24 h, Fig. 4A). Mitochondrial enzymatic activity de-
pends on the mitochondrial mass in cells, and we have
shown in our earlier study that radiation-induced
mitochondrial damage can induce mitochondrial bio-
genesis, thereby increases the mitochondrial mass and
formazan formation in cells (25). Interestingly, we
noted nearly similar formazan formation in IL-6 un-
treated and treated cells after radiation exposure from
1.8- to 1.25-fold increased mitochondrial mass,
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respectively (Fig. 4B). This observation shows that
radiation-exposed cells have 80% more mitochondrial
mass but all may not be contributing to enhanced
complex II activity. However, similar formazan for-
mation from only 25% increased mitochondrial mass
and nearly similar SDH level (Fig. 4C and D) after
radiation exposures in I1L-6 pre-treated cells as com-
pared to radiation alone exposed cells suggest reduced
mitochondrial damage and higher efficiency of
mitochondrial respiration in IL-6 pre-treated cells.
Subsequently, we also analysed the MMP under simi-
lar experimental conditions to analyse the mitochon-
drial status in radiation-exposed cells using
fluorescent potentiometric dyes JC-1 and TMRM
(Fig. 4E and F). We observed radiation induced
increased MMP in IL-6 and radiation treated cells
(Fig. 4E), however, radiation-induced hyperpolarized
mitochondria and increased mitochondrial mass (Fig.
4B) can also show higher dyes uptake in cells giving
false information of higher MMP (25). Therefore, we
normalized the MMP values with mitochondrial mass
of the respective sample to obtain the accurate MMP
of the cells. When radiation induced increased MMP
was normalized with enhanced mitochondrial mass, it
showed significant 30% decrease in MMP, which was
restored in IL-6 pre-treated and radiation-exposed
samples both at 4 and 24 h (Fig. 4F). This was further
validated by microscopic observation of radiation
induced damaged mitochondria using A23187 dye
(26). We found highly reduced numbers of A23187
puncta positive cells and much smaller intracellular
bodies (showing damaged mitochondria) in IL-6
pre-treated cells as compared to radiation alone
(Fig. 4G and H). Interestingly, glycolysis inhibition
using 2-DG in IL-6 pre-treated cells reverses the pro-
tective effects of IL-6 from radiation-induced mito-
chondrial damage (Fig. 4G and H). These
observations suggest that IL-6 protects from radi-
ation-induced mitochondrial damage and this pro-
tective effect is also linked with IL-6-induced
glycolysis.

IL-6-induced Akt signalling promotes glycolysis and
confers radio-resistance

Enhanced glycolytic metabolism is known to be regu-
lated by two main signalling pathways in normal cells
namely, HIFlo and Akt. IL-6 activates both HIF1a
and Akt signalling pathway (/, 27). Whereas, we found
that IL-6 at 1 ng/ml concentration does not induce
detectable levels HIF 1o in Raw264.7 cells. Therefore,
we tested Akt pathway by estimating the time-depend-
ent protein levels of pAkt (active form) in IL-6 treated
cells. We found more than 2-fold increase in pAkt
levels as early as 1 h of IL-6 treatment (Fig. 5A).
Further, to authenticate if IL-6-induced radio-resist-
ance is dependent on Akt signalling and enhanced gly-
colysis mediated by it; we inhibited Akt signalling
using pan Akt inhibitor MK2206 (28) and also
knock down the Akt expression (53% depletion in
Aktl1/2 level) using Aktl/2 siRNA. Down-regulation
of Akt signalling not only reduced the IL-6-induced
pAkt levels to un-induced basal level (Fig. 5B) but
also significantly brought down the level of IL-6-
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induced glucose uptake, and lactate production to the Discussion
basal level (Fig. 5C). Further, low pAkt level reduced IL-6. which is k b . Kine i
the IL-6 induced total and mitochondrial bound frac- -0, which 1s known to be a cytoprotective cytokine in

tion of HK-2 (Fig. 5D and F) and reversed the IL-6- normal physiological conditions, also protects tumour
induced radio-resistance, indicated by significant re- cellg from _radiptherap Y gnd chemotherap;ut.ic agents
duction in cell number of IL-6 pre-treatment combined posing major limitation in therapeutic gain in cancer

with Akt1/2 siRNA and MK2206 in irradiated cells treatment (). TL-6 protects 'the ce]ls from therapeutic
nearly to the level of radiation control (Fig. SE). stress-induced cell death by inducing various pro-sur-

These results suggest that IL-6-induced Akt signalling Vival. signalling n?mely. inhibition of apoptosis, induce
up-regulate the levels of glycolytic enzymes, which survival and proliferation (J, 6, 14). Therefore, IL-6-
leads to enhanced glycolysis and radio-resistance in induced cellular defense to therapeutic stress causes

Raw264.7 cells therapeutic resistance (1, 6, 16—19). It is known that
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Fig. 4 IL-6 prevents mitochondrial damage from radiation. (A) The formazan formed per cell was quantified spectro-photometrically and pre-
sented as bar graph at indicated time points. (B) The mitochondrial mass was analysed by staining cells with MitoTracker Green FM (100 nM;
20 min) at indicated time points. Graph showing mean fluorescence intensity, presented as fold change with respect to control. (C and D)
Immunoblot showing protein expression of mitochondrial complex-1I subunit SDH-A presented in Raw264.7 cells. The bar graph represents the
fold increase in SDH levels quantified by densitometry and normalized with B-Actin. (E) Microscopic evaluation of mitochondrial membrane
potential shown by distribution of JC-1-loaded mitochondria in response to radiation, the retention of monomer and aggregates (marked with
arrow) represents the shift in mitochondrial membrane potential. Images were captured at 40x (objective) and 10x (eyepiece) magnification. (F)
Quantitative estimation of MMP by TMRM and normalized with respective mitochondrial content (data obtained from mitotracker green, Fig.
4B) at 4 and 24 h post-irradiation. (G) Photomicrograph shows the radiation induced changes (marked with arrow) in mitochondrial calcium by
staining the cells with A23187 (6 uM, 30 min). Images were captured under fluorescence microscope with 40x objective. (H) Graph representing
quantification of I-bodies formation per cell in different treatment groups. Data were obtained from n = 10 fields per group. Star shows the
statistical significance of change between the groups calculated by the Student’s ¢-test. Data are expressed as mean + SD (n = 4). *P<0.05,
# represents the significance with respect to the MMP/mitochondrial mass of control group.
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Fig. 4 Continued

IL-6 can induce aerobic glycolysis in cells (/2, 15), and
we have demonstrated earlier that induced glycolysis
caused radio-resistance in cells (20). IL-6-mediated
radio-resistance in cells has been attributed to IL-6-
induced anti-oxidant defense system and STAT-3-
mediated pro-survival signalling (/4, 18); however,
the role of IL-6-induced energy metabolism mainly
glycolysis in radio-resistance is not known.
Therefore, we tested the hypothesis, if IL-6-induced
glycolysis plays any role in cellular radio-resistance,
which may be diminishing the therapeutic gain in
cancer treatment. IL-6-induced radio-resistance can
also be exploited in protecting the normal tissues
from radiation hazards. We selected murine monocytic
cell line Raw264.7 to test the IL-6-induced radio-resist-
ance because haematopoietic cells are relatively more
sensitive to radiation (21, 22).

The data presented above demonstrate the potential
of IL-6 to induce glycolysis in haematopoietic
Raw264.7 cells. It induced the glycolysis by increasing
the levels of many regulatory glycolytic enzymes viz.
HK-2, PFK-1 and PKM2 (Fig. 1C and D). Enhanced
expression of HK-2 and its association with mitochon-
dria ensures rapid phosphorylation of glucose using
mitochondrial ATP (29). The PFK-1 is the first critical
and irreversible step of glycolysis which diverts the
glucose through glycolysis (catabolic pathway) and en-
sures that glucose should not enter to pentose phos-
phate pathway or gluconeogenesis, both anabolic
pathways. At the time of stress or cellular injury,
ATP generated from catabolic pathways is required
for macromolecular repair and cell survival, therefore,
diverting glucose towards glycolysis for more ATP
production is vital and decisive for cell survival (24).
We found higher ATP levels in 1L-6 treated cells (Fig.
3D), which acts as inhibitor of PFK-1, however,
increased expression of PFKFB3 (Fig. 1D) produces
fructose 2,6bisphosphate, which acts as allosteric acti-
vator of PFK-1 and ensures the continuous activation
of PFK-1, even in the presence of high ATP (15, 24).
Further, IL-6 induced higher protein levels of PKM?2
(Fig. 1C and D) maintains the smooth running of
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glucose through glycolysis by reducing the level of its
substrate phosphoenolpyruvate, which can inhibit the
PFK-1 and stop the flow of glucose towards glycolysis.
These results suggest that IL-6 induces the glycolysis
by elevating the levels of all the crucial regulatory en-
zymes of this pathway.

Interestingly, IL-6 pre-treatment to induce glycolysis
could protect the radio-sensitive Raw264.7 cells from
radiation-induced cell death (Fig. 2). The protein levels
of glucose transporter and glycolytic enzymes, which
was decreased after radiation exposure was found high
in IL-6 alone and combined treatment group, suggest-
ing that IL-6 induced the glycolysis in radiation-
exposed cells also. Radiation is also known to induce
the glycolysis (30), which can be observed by enhanced
glucose uptake, lactate production and higher levels of
glycolytic enzymes, HK-2, PFK-1 and PKM2 in radi-
ation-exposed sample as compared to control
(Fig. 3A—C). However, these levels were found further
increased in IL-6 pre-treated and radiation-exposed
(combined treatment) sample. These findings suggest
that radiation-induced glycolysis, which is marginally
higher than the control cannot meet the requirement of
energy to rescue the cells from radiation-induced cell
death, however, IL-6 can induce the glycolysis at suf-
ficiently higher level to accomplish the requirement of
energy for repair and survival of cells battling with
radiation-induced damage. This proposition is further
confirmed by significantly higher levels of ATP in ra-
diation-exposed cells pre-treated with IL-6 as com-
pared to control and radiation alone (Fig. 3D). The
IL-6 induced high levels of ATP in IL-6 alone and
combined treatment was noted at early time point
(4h), when it was obligatory to rescue the cells, as
ATP is essentially required for energy-consuming pro-
cesses like macromolecular repair, mainly DNA (20).
The reversal of IL-6-induced radio-resistance by
glycolytic inhibitors 3-BP and 2-DG (Fig. 3E—H)
authenticated the role of glycolysis in IL-6-induced
radio-resistance. Radiation-induced mitochondrial
damage also contributes in radiation-induced cell
death; we observed that IL-6 reduced the
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Fig. 5 IL-6-induced glycolysis is Akt dependent. (A) Phosphorylation of Akt at ser473 was detected at indicated time points after IL-6 treatment.
(B) Cells treated with MK?2206 (2.5 uM) 15 min prior to IL-6 treatment followed by irradiation were harvested 1 h post-irradiation for western
blotting. Aktl/2 siRNA (100nM) and Control (scramble) siRNA transfected cells were also treated with IL-6 followed by irradiation and
harvested for western blotting of pAkt and Akt levels. Total Akt levels were normalized with the values of beta-actin (loading control).

(C) Graph represents fold change in glucose uptake and lactate production per cell respectively in various treatment groups at 2 h post-
irradiation. (D) Immunoblot of total HK-2 protein with MK2206 and Akt siRNA. B-Actin used as loading control and (E) Cell number
quantified at 48 h post-irradiation in various treatment groups is presented as bar diagram. (F) Showing immunoblot of mitochondrial bound
fraction of HK-2 where VDAC used as loading control. Values shown in between the blots are the average fold change value of densitometric
analysis of three blots, normalized with respective B-Actin. Star shows the statistical significance of change between the groups calculated by one-
way ANOVA and the Student’s t-test. # represents the statistical significance between siRNA or MK2206 group with respect to IL-6 pre-treated

irradiated group. Data are expressed as mean + SD (n = 4). *P<0.05.

mitochondrial damage in IL-6 pre-treated cells.
Interestingly, inhibition of IL-6-induced glycolysis
also reverses the protective effect of IL-6 from radi-
ation-induced mitochondrial damage (Fig. 4).

IL-6 after binding to its receptor on the cell surface
induces the phosphorylation of STAT-3 and PI3K
(Phosphoinositol-3-kinase), which further phosphoryl-
ates the Akt (/). Increased Akt phosphorylation is

found to be associated with increased rates of glucose
metabolism in cells (37). Akt signalling influence the
glycolysis directly by regulating the localization of the
GLUT to the plasma membrane (32), HK-2 expression
and mitochondrial interaction (33), and expression of
PFK-1 and PFKFB3 (34). Since we found the expres-
sion levels of all these genes were increased by 1L-6
treatment in Raw264.7 cells; we envisaged that IL-6-
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induced glycolysis in Raw264.7 cells could be mediated
by Akt pathway. IL-6-induced Akt phosphorylation
suggested the involvement of Akt signalling in IL-6
induced enhanced glycolysis, which was further veri-
fied by knocking down the Akt expression and inhib-
ition of Akt signalling under similar experimental
settings (Fig. 5). Down-regulation of Akt signalling
in IL-6 pre-treated samples not only reduced the gly-
colysis (glucose uptake and lactate production) but
also the expression level of key glycolytic enzyme
HK-2 and its association with mitochondria, which
resulted in reversal of IL-6-induced radio-resistance
(Fig. 5). HK-2 association with mitochondrial outer
membrane not only facilitates the quick phosphoryl-
ation of glucose using mitochondrial ATP but also
prevents the cytochrome C release from mitochondria
thereby inhibiting the apoptosis (35). Therefore, I1L-6-
induced and Akt-mediated translocation of HK-2 to
mitochondrial membrane may cause radio-resistance
besides glycolysis also. Moreover, besides the direct
role of PKM2 in glucose catabolism, it was demon-
strated to facilitate the homologous recombination of
DNA repair in nucleus (36). Hence, we can assume
that IL-6 induced high levels of PKM2 and HK-2
may be causing radio-resistance through glycolysis as
well as other moonlighting functions. It will be pertin-
ent to see the role of IL-6-induced glycolytic enzymes
in DNA repair and other moonlighting functions.
Pending this insight to be unravelled, results of the
present studies lend support to our hypothesis that

IL-6-induced glycolysis is a favourable metabolic
change partly responsible for radio-resistance. This
study adds induced glycolysis also as one of the factors
among the list of various causes responsible for IL-6-
induced radio-resistance.

Conclusion

In conclusion, the results of this study suggest that I1L-6
induced the glycolysis in Raw264.7 cells by activating
Akt signalling, which further induced the expression of
key regulatory glycolytic enzymes and glucose trans-
porters. The IL-6-induced aerobic glycolysis and
reduced mitochondrial damage at the time of radiation
exposure ensures continuous and sufficient supply of
energy for repair of radiation-induced macro-molecular
and cellular damages, thereby causing radio-resistance
(Fig. 6). The moonlighting functions of IL-6-induced
glycolytic enzymes also need to be understood to
know their role in IL-6-induced radio-resistance.
Further, understanding the mechanisms underlying
IL-6 induced Glycolysis may help in unravelling critical
molecular targets responsible for therapeutic resistance
and facilitate the design and/or identification of mol-
ecules/agents that specifically overcome resistance
linked to enhanced glycolysis, thereby enhancing the
efficacy of radio- and chemotherapies. Clinical use of
costly anti-IL-6 or anti IL-6 receptor antibodies in com-
bination with therapies in IL-6 over-expressing tumours
is challenging. Instead, use of metabolic inhibitors will
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Fig. 6 The picture illustrates that IL-6 treatment before irradiation activates PI3K-Akt pathway which resulted in the up-regulation of important
regulatory genes of glycolysis. Akt also phosphorylates HK-2, which allows its binding to outer membrane of mitochondria where it facilitates
efficient glucose phoshphorylation using mitochondrial ATP and ensures rapid rate of glycolysis. Efficient supply of energy (ATP) for repair of
radiation-induced macro-molecular and cellular damages and moonlighting functions of glycolytic enzymes like prevention of cytochrome C
release from mitochondria by HK-2 resulted in IL-6-induced radio-resistance.
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be economical in achieving a similar level of therapeutic
gain; however, more research is required to validate this
proposition. This study also throws the light that IL-6
can protect the normal cells from radiation-induced cell
death and it has potential to be developed as radio-
protector.
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